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Dear Dr. Gewurtz: 

Re: Hazardous Substances Program: the Environmental 
Aspects of Radioactive Substances in Ontario - 
A Background Report 

We are pleased to present our final report on the Environmental Aspects 
of Radioactive Substances in Ontario. 

The information contained in this overview report was compiled from 
previous studies, literature reviews and interviews with knowledgeable 
individuals. The principal study effort was directed towards identi- 
fying potentially significant sources of radioactive emissions to the 
environment. No potentially significant uncontrolled sources of radio- 
activity to the environment were identified during the course of this 
study. In addition to source identification the potential health ef- 
fects associated with exposure to radiation are also reviewed in consi- 
derable detail. The other aspects of environmental radioactivity dis- 
cussed in this report have not been as extensively reviewed because of 
constraints on time and funds. However, considerable effort was direc- 
ted towards compiling a bibliography of material related to environ- 
mental radioactivity. It is hoped that this bibliography will guide 
those interested in pursuing the various aspects of this subject. 
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Introduction 



1 . 1 Intro dii c tion to the Re p oi- 1 

Since 1974, the Ministry of the Environment (MOE) has been wctkin}^ lo 
systematically identify and assess hazardous situations created by 
industrial discharges and emissions of toxic substances. Under the 
Ministry's Hazardous Substances Programme (HAS?}, contiprehensive inves- 
tigations are conducted on specific high risk pollutants, and subse- 
quent control/ abatement programmes may be recommended. The overall 
objective is to anticipate environmental problem areas which may be 
encountered in Ontario at some future date, and to recommend preventa- 
tive or remedial action before a serious threat is posed to the commu- 
nity. 

This report presents the results of an overview survey of the various 
aspects of radioactive substances which are relevant to the role of 
these substances as environmental pollutants in Ontario, and as such 
represents a segment of the Hazardous Substances Programme. 

In view of the existing and probable future status of the nuclear 
industry in this province, radioactive substances were identified by 
the MOE as high priority for environmental evaluation on the basis of 
the following criteria: 

(i) potential human health effects; 

(ii) significant industrial usage and production in Ontario; 

(iii) potential for entering the environment in significant 
amounts; and 

(iv) persistence in the environment. 

It is hoped that this overview report will provide a suitable basis for 
MOE strategy determination in the area of radioactive substances. 

The detailed terms of reference for this contract can be found in 
Appendix IV, located at the end of this report. 

This study, conducted over a three month period, includes the findings 
of Literature searches and interviews with selected groups. Because of 
budgetary and schedule constraints, it is possible that certain addi- 
tional sources of environmental rat'ioactivity could be identified 
through a more exhaustive study programme. 
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Every attempt has been made in this report to present the dala in as 
'non-technical' a fashion as possible in order to assist the non- 
specialist reader. References are included after each chapter to 
indicate the basic material which was used as a resource for that 
section. An overall bibliography has also been included at the back of 
this report to provide the interested reader easy access to a wide 
variety of related literature. 

This report discusses the information reviewed during the study under 
the following" headings: 

Chapter 1, Introduction, contains a brief introduction to radioactivity, 

identifies those radionuclides of most interest and introduces 
the concept of environmental pathways. 

Chapter 2, Sources, details the possible ways that radionuclides (natural 
or artificial) may enter the environment. Model facilities are 
described when applicable. 

Chapter 3, Pollution Control, briefly describes methods of reducing or 
eliminating releases of radioactivity into the environment. 

Chapter 4, Environment, describes some of the important pathways of 
radionuclides in the environment, i 

Chapter 5, Health Effects, discusses how ionizing radiation may affect 
humans, including documented exposures and theoretical 
assumptions , 

Chapter 6, Radiation Protection Criteria, outlines the development of 

regulations to protect humans, with a discussion on the philo- 
sophy behind these regulations. 

Chapter 7, Monitoring, discusses the objectives of radiological monitoring 
programs. 



Appendix 1 contains a glossary of terms commonly used in reference 

to radioactivity . 

Appendix 11 contains a summary of radiological monitoring presently 

being conducted in Ontario. 

Appendix 111 contains a bibliography of related texts and articles, to 

serve as a guide for further reading on the topics dis- 
cussed in the report. 

Appenxix IV contains the terms of reference of this report. 
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I . i Introduction to Radioactivity 

ALL materials in this world are mixtures oi- chemical combinations of 
elements. The smallest unit of an elemonl is the atom which is the 
smallest portion of the element that can exist and slill keep the 
identity of that element. The atom is often referred to as the 
building block of all matter. 

All atoms are composed of three basic atomic particles: electrons, 
protons and neutrons, The atom has a densely packed center called 
the nucleus, which contains protons and neutrons. Electrons orbit 
around this nucleus . 

Protons and neutrons are approximately equivalent in mass and con- 
stitute most of the atom's weig^ht. A proton has a unit positive 
charge, an electron has a unit negative charge, and a neutron is 
electrically neutral. The atom is also electrically neutral, because 
it contains the same number of protons and electrons. 

The chemical properties of an atom are determined by its number of 
charged particles. Because neutrons have no charge, they do not 
affect the chemical properties of the atom. Atoms with identical 
numbers of protons (and electrons) but different numbers of neutrons 
are chemically similar and called isotopes (i.e. variations) of an 
element. 

Atomic nuclei "stay together" because they are energetically stable. 
If nucleus is not stable, it changes to a stable state by emitting 
energy in the form of electromagnetic waves and/or in the form of 
kinetic energy associated with the emission of particles travelling at 
high velocity . The emitted particles and/or released energy are both 
called "radiation". The process of emitting radiation is called decay 
or disintegration. 

Electromagnetic waves exhibit wave-like properties such as reflec- 
tion, refraction, dispersion, interference and diffraction. The most 
important electromagnetic radiations are gamma rays, x-rays, ultra- 
violet, visible light, infrared or heat rays, and radio waves of 
various lengths. These radiations differ primarily in their wave- 
lengths. Gamma rays are the shortest electromagnetic radiations, 
having wave-lengths ranging from 0.001 to 1 Angstrom in length (10 ^^ to 
10 ^^ metres). The other electromagnetic radiations listed above are in 
order of increasing wave-length . Of the various electromagnetic 
radiations, only gamma rays and x-rays are of interest in this report, 
since they both constitute one form of ionizing radiation. Gamma rays 
are produced by the natural or artificial disintegration or decay of 
atomic nuclei. Most exposure to x-rays results from their artificial 
production by x-ray machines, television sets or certain scientific or 
industrial equipment. 

Particulate or corpuscular radiations are also produced by atomic 
disintegration. The most important categories of particulate radia- 
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tion comprise alpha particles, beta particles, neutrons and protons. 
All are characterized by having mass, and with the exception of the 
neutron, all possess electrical charge. The alpha and beta particles 
are of main concern in this discussion since they are the predominant 
types of particulate radiation . 

An alpha particle is made up of 2 protons and 2 neutrons. It thus 
has a positive electrical charge of two units. 

A beta particle is an electron released from the nucleus. This 
electron is produced when a neutron converts to an electron and a 
proton. The proton stays in the nucleus and the electron is ejected 
from the atom. The beta particle has a negative electrical charge of 
one unit. (Positrons or positive beta particles exist but are less 
common) . 

Gamma rays, x-rays and the various particulate radiations are called 
ionizing radiations because in depositing energy in the materials 
through which they pass, they cause ionization, i.e. they dislodge 
electrons from atoms and thereby create electrical imbalances great 
enough to break up one or more of the chemical bonds which link atoms 
into molecules. This alteration is expressed initially in living 
tissues as an intracellular change, the consequences of which may not 
become manifest until later in the form of cell death or a delayed 
injury of some kind . 

The distance travelled by the ionizing radiation will depend on its 
energy when it is emitted and on how it interacts with the atoms 
along its path. In general, the larger the particle, the more fre- 
quent are its interactions. Thus an alpha particle has very little 
penetrating power; it will interact with many atoms in its path and 
lose its energy very quickly. For example, an alpha particle will 
usually not penetrate a sheet of paper. A beta particle is much 
Lighter, and will not interact with as many atoms per unit length as 
does the alpha particle. A sheet of aluminum will stop a beta parti- 
cle. 

Neutrons possess greater penetrating power. Since they carry no 
electrical charge, their interaction with matter is entirely depen- 
dent upon a direct collision between a neutron and the nucleus of an 
atom. Such collisions can then result in the production of ions in 
the tissues through which the neutrons pass. 

Gamma and x-radiation, having no mass, can only be stopped by thick 
sheets of lead or concrete. 

Human exposure to radiation can be characterized as external or 
internal. 

External exposure refers to radiation received from outside the body. 
External alpha radiation presents little hazard, because alpha parti- 
cles usually cannot penetrate clothing and/or the outer layer of skin 
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which is composed of dead cells. Radiation can do no harm to these 
dead cells. On the other hand, beta radiation can penetrate a few 
millimetres of living tissue, potentially far enough to produce 
injury. The more penetrating gamma radiation will reach such impor- 
tant organs as the blood-cell-producing bone marrow. 

Internal exposure refers to radiation received from within the body. 
Radioactive and non-radioactive isotopes of the same element cannot 
be distinguished chemically. Thus radioactive isotopes can be chemi- 
cally incorporated into the body if they are swallowed or inhaled. 
There they disintegrate, releasing radiation internally. In this 
case, alpha radiations become very important because they release all 
of their energy in a short path length, thus having a greater effect 
on the cells with which they interact. Exposure to beta radiation is 
also a more severe problem when deposited internally, rather than 
from external sources. 

Laws of Radioactive Decay 

Isotopes of elements that are radioactive are called radionuclides or 
radioisotopes. The rate at which these radionuclides decay varies a 
great deal from one isotope to another. Each isotope has a charac- 
teristic radioactive decay constant (A). The time scale for decay 
can range from fractions of a second to billions of years. The rate 
of decay is always the same for a particular radioactive isotope: it 
makes no difference whether the isotope is in a solid, liquid or 
gaseous state; temperature or pressure will not affect it; it remains 
essentially unchanged when the isotope is combined chemically. 

The decay constant usually denoted (A) gives the probability per unit 
time that an atom in a sample will decay. The actual number of atoms 
decaying per unit time is known as the activity of a sample. The 
activity can be obtained by multiplying the probability of decay per 
unit time by the number of atoms in the sample at any one time. 

The term "half-life" (or better "physical" half-life, denoted by 
T1/2) is very often quoted to indicate the longevity of a radio- 
nuclide. This is simply the amount of time it takes for one-half of 
the atoms in a given amount of nuclide to decay or disintegrate. The 
half-life varies inversely with A, since the faster the decay rate, 
the less time it should lake the sample to decay (and vice versa). 

Thus, in assessing the potential effects of radioactivity, one must 
consider the type of radiation that radionuclides will emit, as well 
as the potential of the radionuclides foi' damage, how they may com- 
bine chemically, how they may reach humans, whether they are likely 
to cause internal or external exposure and how long and where they 
will persist in our environment. 

(The glossary at the end of this report provides the reader with 
definitions of some of the more common terms used in discussing 
radioactivity and radioactive substances.) 
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Units 

It is useful to have an understanding of the units used to describe 
radioactivity. The roentgen, rem, rad and curie are of particular 
interest. The roentgen (R) is the quantity of X- or gamma radiation 
which produces one unit of electrostatic charge in 0.001293 grams of 
air (1 CO of air at STP). This is a rather outdated unit and not 
particularly useful, since it does not apply to all types of radia- 
tion. The rad and the rem are more useful terras for our purposes 
since they may be used to measure any type of ionizing radiation. 
The rad is a unit which defines the energy potential of the radia- 
tion: one rad is the quantity of radiation which imparts 100 ergs of 
energy to one gram of irradiated matter. The rem is a special unit, 
often used in reference to living tissues, which takes into account 
the differing biological effects of various radiations, as discussed 
below . 

As pointed out by Dudley (I), the ron.-opt of radiation dose is anala- 
gous to that of temperature rather thiui to that of hent . It denotes 
the concentration of energy deposited in matter, rather than the 
amount. Just as raising the temperature of a finger by ten degrees 
would cause little more than discomfort whereas raising the tempera- 
ture of the body by ten degrees would be fatal, in a similar fashion 
a dose of 500 rads to a finger would be almost inconsequential, 
whereas a dose of 500 rads to the whole body would probably be lethal. 
Thus, the biological effect of a given quantity of radiation depends 
not only on the magnitude of the dose but on the organ or tissue 
region and mass receiving it. 

It has been found that equal absorbed doses (measured in rads) from 
different kinds of radiation may not produce the same biological 
effects. To correct for these differences, the relative biological 
effectiveness (RBE) of various types and energies of radiation were 
determined experimentally, using a variety of biological end-points 
such as death of the animal, cataract formation and spleen-thymus 
weight loss. Multiplying the absorbed dose (in rads) by the RBE for 
the particular radiation involved gave the "dose equivalent" the unit 
for which is the rem (roentgen equivalent man). The rem is intended 
to express the dose delivered to man by any ionizing radiation which 
is biologically equivalent to 1 roentgen of x-ray or gamma radiation. 
Unfortunately, however, the RBE varies not only with the type and 
energy of the radiation but also with the particular biological end- 
point, dose rate, accumulated dose, dose distribution, body organ 
under study, etc. Thus in calculating the skeletal burden of 
strontium-89 and 90 and of plutonium-239 that would result in the 
same damage as is produced by radium-226 it was found that it re- 
quires only one fifth as much RBE dose from these radionuclides as 
from radium-226 to produce the same bone damage - measured primarily 
tn terms of bone tumour production. To compensate, a relative damage 
factor, n, was introduced for application when bone is the critical 
organ . Because the RBE dose does not include the relative damage 
factor, the International Commission on Radiological Protection 
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(ICRP) subsequently recommended that the term RBE be used in radio- 
biology only, and that for radiation protection the name "quality 
factor" (QF) be substituted for RBE. The ICRP also recommended that the 
term RBE dose be discontinued and that it be replaced by "dose equiva- 
lent" (DE) which is defined as 

DE (in rems) = adsorbed dose (in rads) X QFj X QF2 X QF3 X ... in 
which QFj = RBE. QF2 = n (relative damage factor), and QF3 = other 
factors as needed (1). 

For beta and positron particles and for x-ray and gamma radiation, the 
value used for the RBE or QFj is 1. For neutrons the most recent value 
for QFi is given as 10, and for alpha particles the most recent value is 
20 (2). 

It should be emphasized that there is not complete agreement among 
scientists upon these latest values. Until recently, it was more 
customary to assign RBE values of 5 for neutrons and 10 for alpha 
radiation in calculating the dose equivalent received by particular 
organs. Using these RBE or QFj values, an adsorbed dose of 1 rad of 
neutrons would result in a dose equivalent of 5 rems, and an adsorbed 
dose of I rad of alpha radiation would deliver 10 rems. To state the 
converse, an allowable dose of 5 rems (strictly, the allowable dose 
equivalent; for a given organ could be made up of 5 rads of x-ray or 
gamma radiation, or 1 rad of neutrons, or 05 rads of alpha particles. 
The dose equivalent approach enables exposures of different kinds of 
radiation to be summed, at least roughly, in terms of their biological 
effects and compared with recommended dose limits. However, it should 
be remembered that the choice of different RBE or QFj values used by 
different scientists in assessing dose response relationships thus 
introduces a variable which may result in different estimates of the 
biological risk associated with exposure to past radiation in the same 
human or animal population (1;. 

The curie (ci) is a unit which is used to measure the amount of radio- 
nuclide present, rather than the energy of any radiation that it may 
give off. It is a quantity of radioactive material in which 3.7 x 10**^ atoms 
disintegrate every second. This is a large unit and therefore the pico- 

curie (pCiKO.037 disintegrations per sec or 2.22 

disintegrations per minute) is more commonly used. 

A pCi, which strictly denotes the number of disintegrations with 
tune, cannot be converted to an energy unit (i.e. rem, rad or 
roentgen J unless the specific radionuclide being discussed is known. 
There is thus no simple conversic^n factor from pCi to rads or rems 

The difference between radiaticn-dose and radiation-exposure should 
be emphasized here. Dose refers lo the amount of energy absorbed by 
the material Exposure is a measure of the ionization produced in 
the air Thus, the roentgen i5 the unit of exposure and The rad and 
the rem are the units of dose . 



1-8 



1 



New units are now being used to replace rems, rads and curies; they are: 



1 Seivei't (Sv) 
I Gray (Gy) 
1 Becquerel 



These are international (SI) units 



100 rem 

100 lad 

1 disintegration/sec (replaces Curie) 

(1 pCi - 2.22 disiiitegralions/min) 



Note 



When an element is written in thit. report, i.e. radium, it 
will usually be followed by its mass number(A) which iden- 
tifies which isotope it is, i.e. radium- 226. 

The mass number is equal to the sum of the number of protons 
and neutrons. 
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Radionuclides of Interest 



Both naturally occurring radionuclides and those radionuclides that 
result from fission or activation are of interest to this report. 

Natural Radionuclides 

(i) Primordial Radionuclides 

The majority of these are isotopes of the heavy elements and belong to 
the Uranium-238, Uranium-235 and Thorium-232 decay chains (see Fig. 
1.1). (When a radioactive isotope decays it changes into an isotope of 
another element. This new atom may be stable, but in many cases it is 
not. If this new atom is not stable it will also decay, changing into 
yet another new kind of atom. This process continues through a chain of 
isotopes, until a stable form is reached. In this series, the isotope 
in its original form is usually called a parent, and in its subsequent 
forms it is referred to as a daughter). 

In the uranium-238 decay chain, the radon daughter products, listed 
below, have other, commonly used names: 



Historical 
Name 



Radon (Rn) 
Radium A (RaA) 
Radium B (.RaB) 
Radium C (RaC) 
Radium C (RaC) 
Radium D (RaD) 
Radium E (RaE) 
Radium F (RaF) 
Radium G 



Current Name 

Radon-222 

Polonium-2ia 

Lead- 2 14 

Bismuth-214 

Polonium-214 

Lead-210 

Bismuth-210 

Polonium-210 

Lead- 206 





FIGURE 1.1 _.i34 „m 
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Due to increased interest in radon and radon daughters in recent years, 
a special unit of concentration, the working level (WL) , has been de- 
vised to give a measure of the total radiation energy and hence the 
potential hazard associated with the short-lived radon daughter products 
in a given quantity of air. The working level is defined as "any 
combination of the short-lived decay products of radon (RaA, RaB, RaC 
and RaC) in 1 litre of air which will result in the ultimate emission 
by them of 1,3 x 10^ MeV of a particle energy "(5). 

If radon and its short-lived daughters are in equilibrium, then 1 WL is 
equivalent to 100 pCi/1 of radon (and, since equilibrium exists, 100 
pCi/1 of each of the short-lived daughters). However, such an equili- 
brium state seldom occurs, in which case it is necessary to know the 
state of disequihbrium in order to convert the radon level to working 
levels. The disequilibrium factor (F) is the multiplier used in this 
conversion . 

F is variable in practice and rarely has a value of one. Any process 
which removes the daughter products, particularly movement and dilution 
of the air, will ensure that F remains less than one (4), 

The major primordal radionuclides which decay directly to stable atoms 
(i.e. they do not decay in a series of steps) are potassium-40 and 
rubidium-87. Potassium-40 makes up only 0.0118% of all of the isotopes 
of potassium, but potassium is so widespread that potassium-40 contri- 
butes about one-third of the dose to man from natural background radia- 
tion. Rubidium-87 makes up a larger percent of all rubidium isotopes, 
but rubidium abundance in the earth's crust is two orders of magnitude 
less than potassium (6). 

(ii) Cosmogenic Radionuclides 

Cosmogenic radionuclides have been found in man, in the sea, in the 
sediments, on the ocean floor, in the biosphere, topsoil, polar ice, 
surface rock and atmosphere. 

They occur mainly in the middle or lower regions of atomic numbers. 
They are produced by the interaction of cosmic rays (primarily protons) 
with target atoms in the atmosphere or in the earth- 

These radionuclides are beta and gamma-i'ay or x-ray emitters, and range 
in half-life from millions of years down to a fraction of a second (6), 

In considering exposure to man. the four major contributors are carbon- 
14, tritium, beryllium-7 and sodium-22. All of these except beryllium-7 
are isotopes of major elements in the body and have been found to con- 
tribute a measurable dose to man (6). 

( iii ) Cosmic Radiat ion 

Cosmic radiation consists of charged particles, primarily protons, which 
enter the earth's atmosphere with energies high enough to generate 
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secondary paiticles that penetrate to groiintl levt-l. Thcsf st-fondary 
particles are mostly high energy muons ,in<) elect funs, .mi J I hey produce 
ionization in ground-level air at a rale comp:iiablf {^> that from beta 
and gamma radiation generated by terresliially-distributed radionuclides 
(6). 

Fission and Activation Prodiiets 

This category is composed of radionuclides created by man's activities. 
Fallout from atmospheric nuclear weapons testing and the nuclear fuel 
cycle are the two primary sources of fission and activation pr-oducts. 
The main radionuclides from both souices are listed in Table 1.1. 

( i ) N u clear Weapon s Testing 

The main radionuclides produced by nuclear weapons testing are cesium- 
137 and strontium-90. Both elements aie rather widespread, since they 
are produced and dispersed in the atmosphere. This class of radio- 
activity has been well studied and monitored in some detail within the 
past few years. Chapter 2 provides further details. 

(ii) N uclear Fuel Cycle 

Table 1.1 shows the main artif icial radionuclides that are created in 
the nuclear fuel cycle. These would all result from a nuclear power 
station operation. When discussing the nuclear fuel cycle, the natural 
radionuclides released into the environment are usually considered in 
conjunction with these man-made fission and activation products. ?'ig. 
1.2 shows a very general schematic of the Candu nuclear fuel cycle. It 
indicates the types of radionuclide emission from the major steps in 
this cycle. 

There are three significant entry points : 

(a) airborne releases through the stack, 

(b) liquid effluents through the water cooling system and 

(c) reject streams from the heavy water upgrading plant. 

The released radioactive materials will affect the terrestrial bio- 
sphere, the aquatic environment, and man. 

1.4 E nvir o nmental Pathways 

The previous sections have outlined, in general, how radionuclides enter 
the environment. Once in the environment, radionuclides may enter a 
number of pathways. As dust or gases they may be transported to places 
distant from the source. They may enter the water system either di- 
rectly, or indirectly as fallout. They may be deposited in the soil. 
The radionuclides enter into plant and animal pathways from these 



NUCLEAR FUEL CYCLE: 

MAIN POTENTIAL RADIOACTIVITY RELEASE POINTS 



Figure 
1.2 



MINING 



ore 



MILLING 



yel lowcake 



REFINING 



UO- 



FUEL 
FABRICATION 



UQ3 



CANDU 
REACTOR 



WASTE 
MANAGEMENT 



1 



natural 

radionuclides 



natural 
radionuclides 



natural 
radionuclides 



natural 
radionuclides 



Fission and 
Activation products 



Fission and activation 
products 

natural radionuclides 



GENERAUZED EXPOSURE PATHWAYS 



Figure 
1.3 



GENERALIZED EXPOSURE PATHWAYS FOR MAN 



110U1.D ETFLUffjrs 







GENERALIZED EXPOSURE PATHWAYS 
FOR ORGANISMS OTHER THAN MAN 



rARTIOUATF \ 

f rri iCNTP 




TABLE 1.1(7) 

MAJOR RADIONUCLIDES RESULTING FROM FISSION 
AND ACTIVATION (MAN-MADE) 



Nuclear Weapons Test: 

Cesium- 137 ) relatively large amounts 
Strontium-90 ,) 

Ruthenium- 105 
Cerium-141 
Cerium- 144 
Europium-155 
Hydrogen-3 (tritium) 



I 
1^ 



II Nuclear Fuel Cycle; 



H-3 

Cr-51 

Hn-54 

Fe-55 

Fe-59 

Co-58 

Co-60 

Zn-65 

Sr-89 

Sr-90 

Zr-Nb-95 

Ru-103 

Ru-106 

Ag-llOm 

1-131 

Cs-134 

Cs-137 

Ba-La-140 

Ce-141 

Ce-144 

Noble gases: krypton 
xenon 
argon 



(See Chapters 2 and 5 for further discussion) 
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points. Thus man is exposed to radionuclides by direct and indirect 
pathways Fig. 13 shows generalized exposure pathways for man and 
organisms other than man. A more detailed description of environmental 
pathways can be found in Chapter 4. 
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Sources of Radioactivity 



Introduction 

The main types of radiation that may affect the environment in Ontario 
were briefly outlined in Chapter 1 . These two main categories were 
natural radiation and radiation from fission and activation products. 

Natural radiation may be further divided into radiation not affected by 
man's activities and a second category where the radionuclides, although 
naturally occurring, are definitely influenced by man's activities. 

The fission and activation products are produced solely by man's acti- 
vities. The most obvious source of these products is the nuclear 
reactor. 

This chapter identifies the principal sources of radioactivity which 
affect the environment in Ontario, and where possible, provides an 
indication of the quantity of radioactivity released. 



2.1 Naturnl SouiTOs of K;t(li;tlioi\ l\X|>osiii-(> 

(i) Inl i-odui'l ion 

The lai-^est source o{ ionixing' rai1i;ilinn ixposuro lo llu' wtnid'ti popula- 
tion is the; ni)tui-al radiation environiiifnl This rxposuro is hii.vhly 
variable and dependent upon a numhtM- ot" factors such as altitude, 
geological features and living' habits, As noted by Oakley (1), this 
variation alone often exceeds exposures fi'om man-made sources which 
receive considerably more attention, and are discussed in other sec- 
tions of this report. In order to better assess the sig^nificance of 
the effects of manmade sources of exposure to the population, it is 
necessary to determine the largei- and more pervasive component due to 
natural radiation . 

The following sections discuss the sources of natural radiation expo- 
sure. Most of the data discussed are from non-Canadian publications 
(I, 2. 3, 4). However, the data are thought to be generally represen- 
tative of the radiological quality of the Ontario environment . 

( ii ) Sou rces of _ Natur al Radia tjon 

Natural radiation exposure can be generally divided into two classes, 
terrestrial and extra-terrestrial. fk^lh of these have an external 
component of radiation impinging on man from outside the body and an 
internal component where radioactive malei'ials are taken into the body 
by ingestion or inhalation. 

Extra-terrestrial sources are direct cosmic radiation and cosmogenic 
radionuclides (radionuclides produced by cosmic radiation). Terrestrial 
sources of external exposure are radioactive elements in the earth's 
crust and in building materials, and. to a lesser extent (<.5% of total). 
the decay products radon (radon-222) and thoron (radon-220) in the 
atmosphere( 1) . 

( iii ) C osmic Hadiation Exposure 

Cosmic radiation consists of charged particles (pi-otons 87f, , alpha 
particles 11%, heavy nuclei and electrons 'Si) which are incident on the 
earth's atmosphere and have sufficient enei-gy lo generate sccontiary 
particles that peneti'atc to ground levrl. These secondary particles, 
primarily muons and electrons plus some neutrons, result in radiation 
at ground level comparable to the beta and gamma radiation generated by 
terrestrial railionuclides(l) . The r'atliation dose from cosmic radiation 
is about 41 mrem/y in Canatia. 

The ultimate source of tht^se particles is not well understood although 
the highest energy pai'ticles and a significant fraction of the total 
radiation may be extra-galactic. I'he relatively low energies of parti- 
culate radiation from our sun precludes its secondaiy radiation from 
reaching the earth's surface except during occasional solar flares. 
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Cosmic radiation varies with time, This variation is due to solar 
activity (which follows an 11-year cycle ;ind reversals of the earths 
magnetic field, (which occur about every 10^ years). However average 
cosmic ray levels have remained relatively constant for at least 10 
years. Variations of latitude, although significant on a global scale 
(8 to 10%), seem to be negUgible on a province-wide scale. Altitude 
variations are more significant and these cause most of the differences 
in individual external exposure. At sea level, the cosmic radiation 
dose equivalent is about 40 mrem/y while at 10,000 feet, it is about 160 
mrem/y(l). It is interesting to note that the dose rate at jet crui- 
sing altitudes is approximately 100 times that at ground level. 

The above figures should be reduced by approximately 10% due to shield- 
ing by building structures. The 10% figure has been taken as an average 
for the whole U.S. population and should not be too different for 
Ontario residents. 

As previously mentioned, part of the radiation exposure to man is 
caused by cosmogenic radionucUdes. These are produced by the interac- 
tion of cosmic radiation with atmospheric gases. The four cosmogenic 
radionuclides that contribute a calculable, but small, dose to man are 
carbon-14, tritium (hydrogen-3) . sodium-22 and beryllium-7. The average 
whole body dose from these is less than 1 mrem/y (4). and is essentially 
all from the incorporation of carbon-14 into the body chemistry. 

The concentrations of some of the naturally produced cosmogenic radio- 
nuclides have been greatly influenced by nuclear weapons testings. 
This source of radiation exposure will be discussed in section 2.5. 

(iv) Terrestrial Radiation Exposure 

A significant source of man's exposure is from the naturally occurring 
primordial radionucUdes, i.e. those radionucHdes which were present 
at the formation of the earth. The magnitude of this exposure is rela- 
tively uniform and is similar to that due to cosmic radiation. The 
terrestrial radionuclides which contribute to man's exposure are series 
radionuclides from the radioactive decay chains of uranium- 238 and 
thorium-232 and the non-series radionuclides, potassium-40 and 
rubidium-87, which decay directly to stable nuclides. A third decay 
chain headed by uraniura-235 is not a significant source of natural 
radiation exposure because of its relatively low occurrence, about 0.7 
percent of natural uranium. 

These radionuclides contribute an average of 58 mrem/y to the total of 
102 mrem/y of natural radiation exposure in the U.S. (4). This is com- 
posed of 40 mrem/y external and 18 mrem/y internal exposure. 

The concentration of the primordial radionuclides in the soQ is deter- 
mined by the processes and rock type from which it is formed. Igneous 
rocks, which comprise about 90% of the earth's crust, generaUy have 
more radioactivity than sedimentary and metamorphic rocks. However, 
75% of the earth's surface is covered by sedimentary rocks. 
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E xternal Exposure from Terrestriai Hadio acti vity 

The radiation that causes the largest increment of external tn-rest rial 
exposure is generally gamma radiation. Table 2.1 ja^ivch the radio- 
nuclide content and dose I'ates from common rocks and soils due to gamma 
radiation (1). It can be seen that the thorium-232 decay chain and 
potassium-40 each contribute about 40'1i ot the dose rate at 1 metre 
above the ground and the uranium-238 chain contributes about 20%. The 
beta and alpha radiation due to these soiirc<!s is generally neglected 
although in special cases, the beta ladiation could cause significant 
skin exposure, e.g. people living on earthen flours. 

In the United States, the average population dose from these sources is 
55 mrem/y (range of 30 - 95 mrem/y } with |)otassium-40, the uranium-238 
series and the thorium-232 series contributing about 17, 13 and 25 
mrem, respectively. In Ontario, external exposure is approximately 45 
mrem/y at Windsor and Ottawa and 70 mrem,/y in Thunder Bay (6). Radon- 
222 daughters in the uranium-238 chain cause most of the variation in 
this exposure at a given location because of the highly variable radon 
air concentrations. However, they generally only contribute less than 
10% to the total external exposure and usually less than 5% tl). The 
ambient radon concentrations are influenced by soil moisture, snow 
cover and housing. Combining all factors, it has been estimated that 
indoor living reduces the U.S. population external exposure from terres- 
trial natural background sources by 20% (1). However, it may increase 
internal exposure due to the build-up of radon daughters (see next 
section) . 

Internal Exposure from Terrestrial Hadioactivity 

The principal natural sources of internal i-adiation exjJOhure are shown 
in Table 2.2 (2). Radionuclides enter the body by ingestion and inhala- 
tion. Inhalation is of secondary importance except possibly for radon 
daughters in areas of high natural uranium concentrations. 

Potassium-40 is by far the largest naturally-occurring source of inter- 
nal radiation. It enters the body mainly in foodstuffs but since it is 
an essential element, variations in dietary composition have little 
effect on the body content or on the radiation dose received. The 
estimated annual average dose from internal potassium-40 is 16 mremC2). 

Rubidium-87 is chemically similar to potassium but it appears in much 
lower concentrations in the body. This results in doses about 2 orders 
of magnitude lower than for potassium-40. 

The contributions of uranium, radium- 226, radium- 228 and lead-210 from 
various foodstuffs to a "standard" dietai-y intake are shown in Table 
2.3 (4). The polonium-2U) intake is generally 1.3 times that of lead- 
210 in the diet. The absorbed dose frc^m these nuclides is very small 
compared to potassium-40 Usee Table 2.2>. Thi' major variation in these 
intakes is due to radium-226 concentrations in drinking water which, in 
some areas of the United States, may add I to 90 pt^i/d to the 1.4 pCi/d 
average (4) . 
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RADIONUCLIDE CONTENT AND DOSE EQUIVALENT RATES FROM COMMON ROCKS AND SOIL (1) 



Rock 



sag 



Uranium 
(mrem/y) 



ppm 



Thorium 

(mrem/y) 



ppm 



Fotassium-40 

(mrem/y) 



Total 
(mrem/y) 



Igneous 

Basic D.9 

Silicic (granite) 4.7 

Sedimentary 

Shale 3.7 

Sandstone 0.45 

Limestone 2.2 

Upper crustal average 2.8 

U.S. surficial average 1.8 



5.2 

26.9 



21.2 

2.6 

12.6 

16.0 

10.3 



2.7 

20.0 



12.0 
1.7 
1.7 

10.0 

9.0 



7.3 
53.8 



32.3 
4.6 
4.6 

26.9 

24.2 



1.2 
S-G 



3. a 
1.1 
0.32 



14, 


,7 


61. 


,3 


39, 


.2 


13, 


.5 


3 


.9 


29 


.4 


21 


.8 



27. 
42. 


2 
.0 


92 
20 
21 


.7 
.7 
.1 


72 


.3 


56 


.3 



Conversion from ppm to mrem/y: uranium, 5.73; thorium, 2.69; potassium-40, 12.3, 
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iclide 
ice 




ESTIMATED AVERAGE 
FROM NATURAL 


ANNUAL 
RADIOAC 


INTERNAL RADIATION DC 

:tivity in the united 

3se to 
teal cells 


)ses per person 

states (2) 


Dose 
gonac 






Dose to 

whole body 


DC 
endosi 


Dose to 
bone marrow 


r 


to 

is 


Radionu 
Referen 


(1) 
mrem 


(2) m 

mrad mrem 


(2) 
mrad 




(8) 
mrem 


mreim 


(2) 
rarad 


(8) 
mrem 


(1) 
mrem 


(2) 
mrad 


K-40 




16 


19 (a) 17 


i 




a 


16 


15 


15 


16 (b) 


19 


H-3 






0.004 


0.001 




0.004 




0.001 


0.004 




0.001 


C-14 






1.0 


0.8 




1.6 




0.7 


1.6 




«.l 


Rb-87 






0.6 0.6 


0.4 




0.4 




0.6 


0.6 




fj 


Po-210 


(c) 


M 


3.0 


4.0 




21 


1 


0.3 


3.0 


2 


0.6 


Rn-220 


(d) 














0.05 






0.003 


Rn-222 


(c) 




3.0 


0.04 




3.0 




0.08 


3.0 




0.07 


Ra-226 


(c) 






1.6 




6.1 




0.1 


0.3 




0.02 


Ra-228 


(d) 






1.9 




7 




0.1 


0.3 




0.03 


U-238 ' 


(c) 






0.8 








0.06 






0.03 


Total 




m 


21 25 


16 




47 


18 


17 


24 


18 


21 



(a) 17 mrad/y from beta and 2 mrad/y from gamma 

(b) Average: 19 mrem/y, male and 13 mrem/y, female 

(c) Uraniuin-238 series 
{d) Thorium-232 series 



Cit^ 



New York 
Chicago 

San Francisco 
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The major contribution to man's exposure from inhaled radioactivity is 
due to the gaseous elements radon and thoron , and their solid daughter 
products. Radon- 222, in particular, is a prime cause of technically 
enhanced natural radiation from uranium mill tailings (2). Radon-222, 
the daughter of the alpha decay of radium-226, is an inert gas having a 
half-hfe of 3.8 days. Similarly, radon-220 ("thoron" historicaUy) is 
the daughter of radium-224 in the thorium-232 chain and has a half-life 
of 55 s. These gases diffuse from the soil and into the atmosphere. 
The atmospheric concentrations of these gases and their daughter pro- 
ducts depend on many geological and meteorological factors. The great- 
est dose to man from airborne radioactivity arises from the daughter 
products of radon. These products become attached to air particulates 
which upon inhalation are deposited in the lung. It has been estimated 
from a U.S. study of the health effects from radon in natural gas 
(7) that natural radon may cause up to 7% of normal lung cancer mor- 
talities in the U.S. 

Outdoor radon concentrations vary from approximately to 1 pCi/1. 
Indoor concentrations tend to be higher particularly in buildings con- 
structed of concrete and gypsum blocks which often contain radium-226. 
the parent of radon. Indoor concentrations of radon daughter products 
are a potential concern in areas with high uranium concentrations. 
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2 . 2 Nucleai" Fuel Cycle 

2.2.1 Uran ium Mining a nd Milling 

( i ) Introd uc tion 

There are four uranium mine/mill complexes currently in operation in 
Ontario. The two operations in Klliol Lake (Denison Mines Ltd. and 
Rio Algom Ltd.) are currently expanding. The other two complexes are 
Agnew Lake Mines Ltd., near Espanola. and Madawaska Mines Ltd., near 
Bancroft, a rehabiUtated facility, A fifth complex owned by Rio 
Algom (Panel Mine, Elliot Lake) is also being rehabilitated. The 
location of these mining activities is given in Figure 2.1. Table 
2.4 summarizes current production capacity and ore characteristics of 
the four operating complexes. 

The techniques used to recover uranium are basically the same for three 
of the four operating mines. Emission sources for these three mines are 
therefore similar. Kerr Addison's Agnew Lake Mine has sufficiently 
different ore mineralogy to allow a variation in mining and milling 
techniques. At this mine, heap leaching is employed, and only 25% of 
the ore is processed above ground. The other 75% of uranium extraction 
takes place within the mine. As a result, hoisting requirements are 
greatly reduced. Grinding of the ore is not necessary and the acid used 
for leaching is provided by bacterial oxidation of pyrite contained in 
the ore. It is therefore expected that process discharges of dust and 
radon gas will be less than from the model mine/mill complex described 
on the following pages . 

(ii) Model Mine/Mill Complex 

A schematic diagram of the model complex is provided in Figure 2.2, For 
the purpose of estimating radioactive emissions, it is necessary to 
quantify production rates and characterize the primary constituents of 
the ore body. For the purpose of this report, the model complex is 
characterized as follows: 

Production Rate : 5000 MTPD (metric tons/day) 

Ore processed 

Ore Characteristics : I kg U.^Og/metric ton recovered; 4:1 

ratio U/Th by weight secular equilibrium 
of the radioactive isotopes 



Water Use : 125 1/s 



U3O8 recovery 

efficiency : 95 



% 
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Ventilation Air Under- 
ground ; 10 metric tons of fresh air per metric 

ton of ore hoisted . 



A general description of the operations used to recover uranium, and the 
radioactive emissions are described below. 



(iii) Mining 

Every mining operation is unique. Major variations from mine to mine 
are to be expected because ore bodies differ from one location to ano- 
ther. However, the detailed methods used to mine and transport uranium 
to the surface are not particularly important in determining overall 
radioactive emissions . 

For the purpose of a model mine, the following mining steps are consi- 
dered: drOlijig, blasting, transportation of the ore through slopes by 
load-haul dump vehicles or shuttle cars to boxholes and chutes. The ore 
is then loaded into trains, crushed underground, hoisted to the surface 
in a skip, crushed again and transported to the mill for uranium extrac- 
tion. 

Each ore processing operation detailed above generates dust particles 
and allows the release of radon gas. The dust particles contain radio- 
nuclides such as uranium, thorium, radium and lead. In order to mini- 
mize the release of these radionuclides to the environment and to pro- 
tect workers from exposure, water sprays are used in the mine. The 
sprays are used in all areas where there is high dust generating capa- 
city. The water is used only once in the mine. After use it is col- 
lected in sumps and pumped to the mill for treatment and use within the 
milling process. Excess treated mine water is sometimes pumped directly 
to the taUings basin where it is eventually treated for radium removal 
before discharge . 

Ventilation practices in uranium mines are designed to minimize internal 
radiation exposure. The optimum design practice is a once through air 
system whereby air is directed for one pass through a particular stope 
before being exhausted. Another procedure is to provide auxiliary 
ventilation directly to the faces of working slopes and to other parts 
of the mine as required. Much larger quantities of air are used in 
uranium mines than in other mining operations. 

Since the water sprays cannot be 100% efficient, the ventilation air 
picks up some radioactive dust, aerosols and radon gas. These are 
emitted via the exhaust raises to the environment. In some cases the 
air is filtered to remove particulates before recycle or exhaust. 
Figure 2.3 indicates the nature of the radioactive emissions from the 
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PRODUCTION CAPACITY/ORE CHARACTERISTICS FOR ONTARIO 
URANIUM MINE/HILLS 



Agnew Lake Mines 



Denison Mines 



Madawaska Mines 



Rio Algom Mines 



Production Data : 



Ore Characteristics: 



Start-up 2nd quarter 

1977, 

Expect to produce 1 

million lbs. UsOg per 

year 



U^Og (lb/ ton) 


1 07 


ThOa (lb/ ton) 


4.5 


Y2O3 (%) 


ND 


Rare Earths (%) 


ND 


s {%) 


1© 


Fe (%) 


ND 


Heavy Metals (%) 


m 


Si02 (%) 


> 80 


ND = No data. 





1.5 



Processed 6000 
tons/day (TPD) 
in 1976 yielding 
3,112,000 lbs. 

Hill capacity 
7000 TPD 



2.2 

1.0 

0.01 

0.06 

4 
I 
Trace 

60 - 85 



- Resumed production 
in August 1976 at 
750-800 TPD 

- Mill capacity 1 ,500 
TPD 



1.85 - 2.9 

l.n 

Trace 

Trace 

ND 

ND 

ND 

m. 



Processed 4,574 TPD in 
1976 yielding 4,483,000 
lbs. U30«/y 

Mill capacity to 7,000 
TPD in 1978 
Panel mill to be re- 
activated in 1980 at 
3,300 TPD 



2.0 - 2.8 

0.7 

0.02 

3.5 
3 

Trace 
60 - 35 
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mine. Particulate radon releases from a model mine, to support a 5000 
MTPD mill, have been estimated from Elliot Lake studies (1). Particu- 
late releases of <1 g/s and radon releases of about 60 ^JCi/s have been 



estimated. 



(iv) Milling 

For the purpose of a model mill, there ai-e four basic operations common 
to all milling operations: ore preparation, uranium dissolution, ura- 
nium concentration and product recovery. The major differences in 
uranium milling procedures used in Ontario may be attributed to the 
chemicals used in the processes (Table 2.5), A general description of 
these operations is given below. 

Ore Preparation 

Uranium mill processing is a hydrometallurgical operation in which 
uranium is dissolved from the ore by using an acid or a base. To obtain 
high uranium recoveries, the ore must be crushed and ground to expose 
the uranium minerals for the leaching reaction. This usually involves 
further crushing of the ore received from the mine, followed by a fine 
wet grinding operation. Each ore body has an optimum size requirement 
which is determined by the ore mineralogy. After grinding, the ore is 
dewatered C^- 80% solids) and sent on to leaching. 

The ore preparation operations are major sources of dust and radon gas 
emanations. The dust and radon are discharged to the environment via 
the building ventilation exhaust after baghouse dust control. From 
Elliot Lake studies, particulate emissions of about 0.33 g/s and radon 
release of <2 |jCi/s have been estimated for a 5000 MTPD mill facility. 

Uranium Diss ol ution (Leaching) 

From the point of view of environmental concerns this may be the most 
important milhng operation. The process dissolves the uranium from the 
parent ore. The operation is carried out in large mixed vessels (pachu- 
cas) containing the ore slurry. Air and steam are bubbled from the 
bottom of the vessel to promote mixing, oxidizing conditions and to 
raise the temperature of the slurry . Sulphuric acid is used to lower 
the pH and dissolve the uranium. Several chemical reactions take place 
in the pachucas, and other elements :u\' dissolved in addition to the 
uranium , 

Once the uranium is dissolved, the now hai'ien solids ai-e separated from 
the loaded or pregnant solution by fillers or thickeners. The soUds 
are washed during this operation with fi-esh water and/or recycled barren 
solution and sent to tailings neutralization. After pH adjustment and 
clarification, the pregnant solution is sent to uranium concentration. 
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In the acid-leach process, it is believed that less than J'o of the 
radium in the ore is solubilized. The amount of dissolved thorium is 
dependent on the ore mineralogy, but can reach high levels (e.g. 60% 
solubilization). The dissolved portions of these radionuclides are 
carried over to uranium concentration. The remaining solid portions are 
discharged, after solids neutralization, to the tailings area. 

Radon gas and dust emissions from the leaching pachucas are responsible 
for the greatest fraction of mill ventilation air emissions to the 
environment. Emission estimates for all remaining mill sources beyond 
the ore preparation step have been aggregated, and are presented at the 
end of this section. 



Uranium Concentration (Ion Exchange) 

Uranium concentration is carried out by a process called ion exchange. 
The pregnant solution is pumped through a series of columns containing 
an ion exchange resin. The resin is highly selective for uranium, and 
exchanges ions on the resin surface for uranium ions in solution. Very 
few other dissolved ions are picked up by the resin . The barren solu- 
tion (stripped of its uranium content) is recycled to barren ore washing 
and eventually discharged to tailings neutralization. 

After the columns are loaded to their optimum capacity a second solution 
(eluant) is pumped through the columns to recover the uranium. Only 
small quantities of eluant are required to recover the uranium and a 10 
to 20 fold increase in dissolved uranium concentration is achieved. The 
loaded eluant (eluate) is then prepared for uranium recovery by pH 
adjustment and, simultaneously, minor contaminant removal. 

Solvent-extraction can also be used to concentrate ihe uranium. The 
basic process is the same, however, rather than using a solid ion ex- 
change resin, a liquid solvent is used. 

Uranium concentration is not a direct source of emissions. It is worth 
noting, however, that the resrn is highly selective for uranium. Other 
radionuclides such as thorium radium and lead-210 are rejected. These 
radionuclides become part of the barren liquor which is eventually dis- 
charged from the mill in soUd and liquid form. Typical yeDowcake 
analyses indicate that only 0.02 percent of the radium and approximately 
1 percent of the thorium are not rejected, and remain in the yellowcake 
product. 

P roduct R ecovery (Precipitation) 

Uranium is recovered from solution with the addition of a base to raise 
the pH to 7-7.2. The precipitated uranium product, called yellowcake, 
contains approximately 85 percent by weight ^'f,0o- Yellowcake is sepa- 
rated from solution by thickening and filtration. After drying, the 
yellowcake is packaged in drums and is ready for shipment to the uranium 
refineries . 



TABLE 2.5 
URANIUM MILLS IN OPERATION IN ONTARIO 





Nominal Hill 
Capacity, Ore 

n/a 


Leaching 
Reagents 


Solut 


ion 


Upgrading 


Uranium 


Company 


Methods 




Reagents 


Precipitating 
Reagents 


Agnew Lake Mines 
Limited 


H2SO4, Fe2 (504)3 


CIX-SX 




H2SO4, NH3 


NH3 


Denison Mines 
Limited 


7000 tons/day 


H2SO4, NaClOs 


m 




HNO3 


NH3 


Madawaska Mines 
Limited 


1500 tons/day 


H2SO4, NaC103 


It 




NaCl, H2SO4 


MgO 


Rio Algom Limited 


7000 tons/day 


H2SO4 


m 




HNO3 


NH3 



NOTES : 



CIX 

IX 

n/a 



continuous ion exchange 
column ion exchange 
solvent extraction 



H2SO4 - sulphuric acid 

NaC103 - sodium chlorate 

Fe2(S04)3 - ferric sulphate 

NH3 - cunmonia 



HNO3 - nitric acid 
NaCl - sodium chloride 
MgO - magnesium oxide 
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Emissions from this operation are relatively minor and consist primarily 
of dust from the yellowcake drying plant. Entrained dust particles, 
which are primarily UaOg, will exist with the ventilation exhaust to the 
environment after scrubber and baghouse dust control. As previously 
indicated, emission rates for all mill airborne sources have been aggre- 
gated. For a model 5000 MTPD mill, particulate emissions of <0.2 g/s 
and radon release rates of about 4 pCi/s have been estimated. 

Tailings Treatment and Storage 

After solid/liquid separation of the barren solids (tails) from the 
pregnant solution, the tails are washed to recover any entrained ura- 
nium. The tails and accompanying barren solutions are then neutralized 
(to pH 10.5) by the addition of a lime slurry. The tailings slurry is 
then disposed in an area which provides for containment of the solids. 
Liquid discharges (decant) from the tailings area are treated by pH 
adjustment (to pH 7) and barium chloride addition to control dissolved 
radium levels. After radium precipitation, the decant is discharged to 
the receiving stream. 

The barren solution sent to tailings neutralization contains dissolved 
radium, thorium, lead- 210 and uranium. Neutralization precipitates 
thorium, lead-2iO and uranium to very low levels. Present treatment 
practice for the removal of radium from tailings pond effluent consists 
of the addition of barium chloride. Radium, which is chemically similar 
to barium, co- precipitates with barium in the form of a barium-radium 
sulphate. Dissolved radium levels in the final tailings effluent are 
normally on the order of 3-10 pCi/1, while dissolved thorium is on the 
order of 0-1 pCi/1. 

Of the approximately 5000 tonnes of barren solids discharged to the 
tailings area from the 5000 MTPD model mill, only l.ti grams of radium 
and 1200 kg of thorium are discharged. These compounds as weU as the 
remaining solid radionuclides remain in solid form unless acid seepage 
and runoff are encountered. This will not occur in an operating complex 
using neutralization procedures. 

The two major airborne emissions from tailings areas are radon gas and 
wind entrained dust particles. At the present time, the mining com- 
panies and various government agencies are sponsoring extensive research 
into waste management techniques. The results of these studies are not 
yet available. 
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2,2.2 Uranium Refinery 

(i) Introduction 

There is currently only one uranium refinery in Canada, located in Port 
Hope, Ontario. This refinery is operated by Eldorado Nuclear Ltd., and 
can be segregated into a number of distinct circuits: 

Uranium Trioxide - All yellowcake received at the 

(UO3) Circuit refinery is treated in the UO3 

circuit for purification. 

Uranium Hexafluoride - Uranium destined for export is 
(UFg) Circuit converted from UO3 to UFg. 

Uranium Dioxide - Uranium destined for CANDU fuel 

(UO2) Circuit is converted from uranyl nitrate 

(UO3 circuit intermediate) to 

ceramic grade UO2 ■ 

Uranium Metal - Specialty castings of uranium 

Circuit metal are produced from UF4, 

a UFe circuit intermediate. 

These circuits are shown schematicaUy in Figure 2.4 

The existing refinery has a design capacity of 5,500 metric tons/y of 
uranium (MTU) for UO3 production. The UFg circuit has a capacity to 
produce 4,500 MTU/y of UFg from UO3 . In addition, Eldorado proposes to 
construct a new UO3/UF6 refinery in Ontario in the near future. This 
new facility would be capable of producing 9,000 MTU/y of UFg. 

Emission estimates for this report are based on the environmental impact 
assessment prepared for Eldorado's new facility (1,2) and are scaled for 
a model facHity processing 5,000 MTU/y UO3 and subsequently 4,000 
MTU/ y UFg and 1,000 MTU/y UO2 . 

(ii) UO3 Plant 



In order to process 5,000 metric tons of uranium to either UFe, ceramic 
grade UO2 , or U metal, the refinery must handle approximately 7,100 
metric tons of ammonium diuranate yellowcake received in 45 gallon steel 
drums . This yellowcake contains the following major radionuclides : 

Parameter % on Total Sample Basis 

Uranium-Natural Average 70.8% (Range 65-75%) 

Thorium-232 Average 0.71% (Range 0.21-1.42%) 

Radium-226 Average 150 pCi/g (Range 20-400 pCi/g) 
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Othor principal constituents include H2O, SO4 , NH^, NO ^ ;incl oxygen 
which is combined with the uranium. The main steps in the lf<>3 process 
include: Warehousing and Sampling, Yellowoake Preparation, Digestion, 
Solvent Extraction, Evaporation, and Denilration. 

Ware housin g an d Sa mpling /Y ellq wc ake P r ep a ra t ion 

Upon ari'ival at the refinery, the yeilowcake is weighed, sampled, ana- 
lysed for uranium and impurity content, then treated prior to digestion. 
Feed transfer points and hoppers have baghouse dust control and will 
generate an emission load of about 78 gU/h yeilowcake particulate for a 
model 5,000 MTU/y circuit capacity. Yeilowcake preparation dusts are 
controlled by a series of sintered metal filters and will generate an 
emission load of about 8 gU/h yeilowcake particulate. 

In addition to yeilowcake particulate losses, radon gas will be released 
at these sources. The yeilowcake as received at the plant will contain 
the equilibrium radon content. The i-elease of the full complement of 
radon to the atmosphere during sampling" would result in a discharge of 
approximately 140 |jCi/h If the sampled yeilowcake is stored prior to 
entry into the process, the radon could ^mw back. Thus the yeilowcake 
preparation step could result in an additiimal release of up to 140 pCi/ 
h. 

Ehges^on 

Prepared yeilowcake is fed into a series of digesters. Nitric acid is 
added to these agitated tanks to dissolve the yeilowcake forming a 
solution of uranyl nitrate, dissolved impurities, and residua) undis- 
solved silica, Digestor vents are scrubbed in a nitric acid recovery 
system (absorber and concentrator) to recover NO and entrained HNO3 
and does not give rise to airborne uranium loss. There are no aqueous 
waste discharges from this operation . 

Solvent Extracti on 

The impure uranyl nitrate solution from digestion is contacted with a 
solution of tributyl phosphate and kerosene in extraction columns. The 
uranium is extracted into the organic phase, leaving the impurities in 
the aqueous solution (raffinate phase). The organic, uranium bearing 
phase is then contacted with a stream of rov-ycled water, thereby re- 
extracting the uranyl nitrate into a second aqueous phase. The barren 
solvent is then treated prior to recycle. 

The impurities contained in the raffinate phase are recovered by evapor- 
ation and drying. The collected vapours are recycled as process water 
make-up or by way of the nitric acid recovery system. The final solids 
stream or raffinate solids contain the yeilowcake impurities in a 
concentrated form for licensed waste management. For a model 5,000 
MTU/y refinery , this raffinate waste will be produced at a rate of about 
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120 kg/h dry solids containing 0.15 kg uranium/h, 6.7 kg thorium- 232/h . 
and 2,400 pCi radium-226/g dry solids. The raffinate solids contain 
virtually all of the radium and thorium which enter the circuit as 
yellowcake impurities. An additional small solid waste stream is 
generated from solvent treatment, containing some fine silicate sand and 
potentially a trace of uranium. 

Since the radium is removed from the circuit at this point, radon re- 
leases are not a factor in subsequent process steps. The circuit inven- 
tory between feed preparation and raffinate treatment is estimated to be 
3 days' production. Assuming that one half of the radon being generated 
in these process steps is ultimately released to the atmosphere, an 
additional 40 pCi/h of radon will be released. This estimate is based 
on analysis provided in Reference 1. 

Evaporation/Denitration 

Purified uranyl nitrate solution from solvent extraction is concentrated 
in a staged evaporation process. Vapours are condensed for recycle as 
process water. The evaporation step does not generate any emission 
streams. The concentrated aqueous uranyl nitrate solution is then 
either forwarded to the ceramic UO2 circuit, or on to the denitration 
stage where, by heating, remaining nitric acid and nitrates are removed 
leaving a dry, yellow UO3 powder. The vapour phase from the denitration 
operation is passed through a fume condenser, the nitric acid recovery 
system, and finally a catalytic converter to control NO^ losses. No 
radioactive emissions are expected from this operation. 

Auxiliary Operations 

There are no appreciable water-borne radioactive discharges. All sum- 
pages and spills which occur in the UO3 plant are directed to a sump 
treatment system for uranium recovery. Water discharged from the sump 
system is directed to the raffinate evaporation stage, and thus is 
eventually recycled for process water make-up. A bleed stream for the 
process water recycle system is discharged from the nitric acid recovery 
system and will not likely contain radionuclides. With the exception of 
the laundry system, no utility streams generate radioactive emissions. 
The laundry system could result in a water-borne discharge of up to 
about 3 gU/h on an intermittent basis. 

(iii) UFg Plant 



Uranium which is destined for LWR nuclear fuel is converted to UFg, the 
final chemical conversion step prior to enrichment. The UFg process 
includes the following main steps: Reduction, Hydrofluorination , Fluo- 
rination and Product Packaging. In addition, HF recovery and uranium 
recovery systems are provided. 
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Reduction 

Dry, powdered UO3 from the UO3 circuit is initially screened and pulv- 
erized prior to reduction. In the reduction reactor, the UO^ is con- 
tacted with dissociated anhydrous ammonia (Ng and H2)- The resulting 
UO2 is then pulverized prior to hydrofluorination. All conveyors and 
hoppers have baghouse dust control, and IK);,/U02 pulverization (prepara- 
tion) will generate an airborne uranium load of 15 gU/h, The off-gas 
from the reduction reactor is passed through a sintered metal filter, 
generating an additional load of 15 gl'/h for a 4,000 MTU/y VV^ circuit. 
No water-borne or solid waste streams are generated from this step. 

Hydrofluorination 

Dry UO2 is converted to UF4 by reaction with HF. Reactor off-gas. and a 
gas stream from the subsequent UF4 preparation step are directed to the 
HF recovery system. General area sumpage is transferred to the uranium 
recovery system. Thus, no emission streams are discharged directly from 
this step. 

Fluorination/Product Packaging 

Prepared DF^ is fed to a flame reactor and a clean-up reactor connected 
in series. Fluorine gas, which is generated from HF in electrolytic 
cells, is introduced into these reactors to convert sohd UF4 to gaseous 
UFg. Two reactors in series are provided to insure optimum fluorine 
consumption. As the fluorine gas passes through the reactor, it picks 
up volatile UFg. The reactor off-gas is filtered to remove residua] 
solids (flame and clean-up reactor ash), and passes through refrigerated 
cold traps to liquify the UFg product before the gas stream is passed to 
the HF recovery system. The liquid UF^ from the cold traps is fed into 
shipping cylinders of either ten or fourteen ton capacity where it is 
allowed to solidify at room temperature prior to shipment. 

UF4 feed hoppers and transfer points have baghouse dust control, genera- 
ting an airborne load of approximately 29 gU/h. The recovered reactor 
ash contains in the order of 5% uranium and 10% thorium. This solid ash 
(0.8 MT/y) is stored on site for future uranium recovery. The reactor 
ash will also contain the short-hved uranium daughters such as thorium- 
234 and protactinium-234. 

Auxiliary Syste ms 

In the event of an emergency situation in the fluorination area, or the 
UFg cylinder filling area, normal ventilation could be diverted to a KOH 
scrubber. An emergency of this sort couhl lead to a short-term emission 
of up to 70 gl'/h. In this case, scrubber solution would be Heated in 
the uranium recovery system. 

The HF recovery system treats aii stre;(iiKs from hydrofluorin.iliun and 
fluorination. Residual amounts of uranium wiU be released from this 
scrubber system; airborne uranium losses of 0.6 gU/h have been estimated 
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for this source. Uranium recovered in the scrubber solution will be 
associated with the recovered HF stream, or possibly a trace amount with 
an excess water stream generated in this system which is treated in a 
fluoride wastewater treatment system. 

The uranium recovery system provides centralized treatment to recover 
uranium for recycle from wash waters, emergency ventilation scrubber 
solution, and UFg circuit sumpage. The system generates a CaFa solid 
waste which could possibly be contaminated with a trace of uranium, and 
also generates a wastewater stream treated in the fluoride treatment 
system. The fluoride treatment system in turn generates a CaF2 sludge. 
Final treated effluent will not likely contain uranium as the high pH 
conditions resulting from lime treatment should precipitate any uranium 
loss. The resulting CaFg solid waste from fluoride treatment could 
contain a trace of uranium and thus is combined with the raffinate 
solids for licensed waste management. 

Emission rate estimates for both the UO3 and UFe circuits are summarized 
in Table 2.6. 

(iv) UO2 Plant 



Ceramic grade uranium dioxide is a specially prepared UO2 which has a 
high surface area per unit weight, suitable for pelletizing, sintering 
and subsequent preparation as nuclear fuel for CANDU type reactors. The 
ammonium diuranate UO2 process includes the following steps: ADU Preci- 
pitation, Filtration, Drying and Calcining. 

ADU Precipitation/Filtration 

Concentrated uranyl nitrate from the evaporation step in the UO3 
circuit is mixed with ammonium hydroxide, to precipitate ammonium diura- 
nate (ADU). The resulting slurry mixture is dewatered by vacuum filtra- 
tion, producing a wet cake for drying, and a hquid aqueous waste stream 
of ammonium nitrate for disposal. This hquid stream will likely con- 
tain a trace amount of uranium, but radium contamination is minimized 
since the radium is essentially completely removed in the UO3 refining 
circuit prior to the UOj draw-off point. 

Drying/Calcining 

The wet ADU precipitate (containing entrained ammonium nitrate) is first 
dried, then thermally decomposed to VO^ which in turn is reduced to UO2 . 
The final process is performed in a gas-heated calciner in the presence 
of H2 in a manner which is likely similar to the reduction step in the 
UFe circuit. Before shipment, all uranium dioxide is pulverized and 
blended, 

This process sequence will likely generate airborne emission loads from 
the dryer, calciner. and from pulverizing operations and will involve 
particulate loads of UO2 and possibly UO3 . 
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Emission estimateb and control tHiuipmcnl (icbcriplion ;nc no( MViiilable 
for a 1,000 MTU ceramic grade UO2 circuit. In summary, the ammonium 
diuranate UO2 process will generate the following waste streams: 

Ammonium nitrate aqueous waste which will contain trace 
amounts of unrecovered ADU from solid/liquid separation 
equipment. 

Dust loadings from ADD drying/UOg thermal decomposition, 
UO2 calcination, and UO2 pulvei-ization. 

It is worth noting that process modifiiMtions have been developed by 
Eldorado in recent years to eliminate the problem of disposing of the 
aqueous liquid effluent. This other patented process is refej-red to as 
the ammonium uranate process. 

(v) U Metal 

Uranium metal is produced intermittently at the refinery. This process 
involves the reduction of uranium tetrafluoride from the VFq circuit 
with magnesium. This Ut^/Mg mixture is fed to a reduction furnace in 
steel reactor vessels. The product of the reaction is an ingot of 
uranium metal and a magnesium fluoride slag for licensed waste manage- 
ment. The crude ingot is then normally vacuum remelted and cast into 
billets, or alternatively can be machined as is for special require- 
ments. Castings may be subsequently extruded, forged, rolled, machined, 
or used as is for various applications. The magnesium fluoride solid 
waste will contain residual amounts of uranium, and thus requires li- 
censed waste management. 

(vi) Waste Management 

At present there is extensive research into waste management techniques 
for low level radioactive waste such as that generated by a nuclear 
refinery or a uranium mine/mill facility The situation for waste 
disposal as opposed to waste storage is unclear. Until such time as 
these concepts are clearly defined, it is not possible to provide radio- 
active release estimates for a model waste management facility. 

The current thinking of the Atomic Energy Control Board is perhaps 
reflected in the following excerpts from a statement by Dr. Larry Henry, 
scientific advisor with the AECB radioactive waste management division, 
at the Eldorado Nuclear Port Granby hearings on February 9, 1978 (,;^). 

"The AECB has never entertained an appUcation for a waste manage- 
ment disposal system. Storage has always been the requirement, and 
retrievability has always been the condition." 

"The problem of rad waste disposal as it is being used today, 
disposal, is now being examined in considei-able detail at the 
federal level. There is a great deal of activity going on and it 
will continue to go on and we are operating under the assumption 
that progress at this level will in fact jell with our concept of 
storage. " 



TABLE 2.6 
Emission Rate Estimates for a UO^/UFa Refinery 

A) Model 5,000 HTU/y UO3 Circuit 

1) Airborne yellowcake particulate from yellowcake 
sampling baghouse dust control: 78 g U/h. 

2) Airborne yellowcake particulate from yellowcake 
preparation sintered metal filter: 8 g U/h, 

3) Airborne radon release from the UO3 circuit: 
up to 320 jjCi/h. 

4) Raffinate solid wastes (120 kg/h dry solids) 
containing: 0.15 kg U/h, 6.7 kg Th-232/h 

and 2,400 pCi Ra-226/g dry solids. 

5) Laundry system waste water: 3 g U/h on an 
intermittent basis. 



B) Model 4,000 MTU/y UFg Circuit 

1) UO3/UO2 particulate from UO3/UO2 preparation baghouse 
dust control: 15 g U/h. 

41 UO3/UO2 particulate from reduction reactor off-gas 
sintered metal filter: 15 gU/h. 

i| UF4 particulate from UF4 preparation baghouse 
dust control: 29 g U/h. 

4ij HF recovery fume scrubber off-gas : 0.6 g U/h* 

fjl Emergency ventilation KOH scrubber off-gas : up to 
70 g U/h. 
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"As a license condition, the AECB requires that licensees meet the 
requirements of other government agencies insofar as they are not 
inconsistent with the Atomic Energy Control Act and regulations. 
This certainly implies that there is judgement required and, in 
each case, where judgement is required it will be done with the co- 
operation and in conjunction with the applicable agency. This is a 
general statement regarding licensing." 



1 
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2.2.3 Fuel Fabrication 

(t) Introduction 

The CANDU fuel bundle consists of a varying number of closely spaced 
elements each of which contain high density natural ceramic grade UO2 in 
the form of solid pellets in a thin zircaloy sheath. These elements are 
held together by end plates and are separated by spacers brazed to the 
sheaths. For example, a Pickering fuel bundle consists of 28 elements 
containing a total of 19.7 kg of natural uranium. 

The typical fuel fabrication process consists of preparing UO2 powder by 
the following series of processes; an initial prepress followed by 
granulation, final pressing, sintering of the "green pellets", grinding 
the pellets to the required diameter, washing and air drying the pellets 
and loading the stacked pellets into zircaloy sheaths in the bundle 
assembly step. Bundles are inspected and monitored for radiation 
contamination and then packaged for shipment to CANDU nuclear genera- 
ting stations. Fuel fabrication plants machine all zircaloy parts used 
in the bundle assembly but these processes do not involve potential 
radiation emissions or wastes. 

These process steps are described in more detail in the following sec- 
tion. Likely emission source points are identified, however emission 
estimates and confirmation of these source points are not available at 

this time. 

* 

There are at present two uranium fuel fabricators in Ontario. Westing- 
house runs an integrated plant at Port Hope, while Canadian General 
Electric conducts pellet manufacturing in Toronto and bundle assembly in 
Peterborough . 

(ii) PeUet Manufacture 

Pre-Press, Granulation and Final Press 

Uranium dioxide powder is received in lot quantities, suitable for 
planned production rates. After sampling, the powder is pre-pressed at 
pressures of 550 to 850 kg/cm^ into wafers or slugs. 

After the pre-press, the uranium dioxide slugs are granulated through a 
fixed size sieve. Granular material is fed into a pellet press where it 
is pressed at pressures of 2800 to 5600 kg/cm^ into "green" pellets of 
predetermined weight, height and diameter. Pellets are sampled and 
inspected to ensure that they conform to specifications . 

Each uranium processing station is provided with a local dust collector 
.exhausting to a central dust collection system. 
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Sintering 

"Green" pellets are placed in molybdenum containers or boats and are 
continuously stoked through a sintering furnace. Small hydrogen flames 
at each end of the furnace maintain a reducing atmosphere in the fur- 
nace. The peak temperature is 1650° C to 1700*^ C. Furnace off-gas is 
collected by exhaust hoods and routed to the air filtration system. 

Gr inding, Washing and Drying 

Sintered peDets are ground on a centreless grinder lo the specific 
diameter required for use in the reactor. Lubricating fluid is sprayed 
on the pellets continuously to reduce their temperature rise during 
grinding. Pellets are then washed with a small quantity of hot water to 
remove the grinding coolant and sludge and they are then air dried. 

The lubricant used in the grinding step is recycled through a centri- 
fuge. Solids collected by the centrifuge are returned to the uranium 
refinery for re-processing. Grinders are equipped with exhaust hoods 
which collect the air streams for treatment with an impingement type 
scrubber to remove uranium particulate. 

Wash water used to remove excess coolant and sludge from the pellets is 
transferred to a settling tank/centrifuge system or a leaf filter. The solids 
are recovered and the stream monitored before being discharged to 
the sewage system. 

(iii) Zircaloy Fabrication 

Spacers and Bearing P ads 

Zircaloy strip received from supplit-rs is inspected before being cut 
into lengths. Zircaloy lengths are then degreased . pickled, washed, 
vapour blasted, rinsed and dried before being coated on one side with 
berylhum by a "vacuum deposition" process. Spacers and bearing pads 
are blanked from these coated lengths of zircaloy. 

End Caps 

Zircaloy bar is received and inspected for defects with ultrasonics. The 
end caps are machined on an automatic screw machine and inspected, after 
which the caps are degreased, pickled, rinsed and dried. 

End Supports 

Zircaloy strip is inspected for comphance to specification and end 
supports are blanked from this strip. Inspected end supports are de- 
greased, pickled and rinsed. 



FUEL FABRICATION FACILITY - 
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Sheaths 

Zircaloy sheaths are received from the supplier, inspected and ultra- 
sonically tested for defects. Sheaths are sorted by inside diameter 
size and decreased. Bearing pads and spacers are resistance tack-welded 
to the sheaths after which sheaths are induction brazed in a controlled 
vacuum environment. Sheaths are then immersed in a graphite solution, 
drained and air dried. Heating the sheaths in a vacuum removes all non- 
graphite material which is in the coating solution. Sheaths are then 
cut to length, the ends are reamed and deburred and the sheaths are 
again degreased. 

(iv) Bundle Fabrication 

Loading 

Pellets are visually inspected for cracks or chips and are then stacked 
to a specific length . A pellet loading machine pushes each stack into 
an appropriate sheath. 

Bundle^ A ssembly 

End caps are closure welded with a magnetic-force resistance welder. 
The final end closure is made in a controlled atmosphere of helium and 
argon to obtain this atmosphere inside the elements. All welds are 
examined carefully . Elements are machined to the correct length and 
profiled by a lathe to remove the weld flash and cut a profile on the 
face of each end cap. Elements are then degreased and a helium leak 
test is performed. Pickling, rinsing and drying operations follow. 

Elements are assembled into bundles using a spot welder to weld each 
element to the end supports. A lathe is used to machine the bearing 
pads to a fixed diameter and the pads are deburred. 

Final Inspection and Packaging 

All bundles are visually and dimensionally inspected. In addition, a 
small percentage of bundles are monitored for surface radioactivity. 

Bundles are packed and sent to the appropriate nuclear power generating 
station . 

These operations are summarized in Figure 2.5. 



^ 
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2.2.4 CANDU Nuclear Reactor 

10 Reactor Description 

Commercial, power generating nuclear stations are located in Rolphton, 
Bruce, and Pickering, Ontario, The nuclear reactor in a CANDU nuclear 
power' station is simply a source of heat. (CANDU is an acronym for 
Canadian deuterium uranium.) A CANDU nuclear reactor uses natural 
uranium as a fuel. It does the same job as coal, oil, or natural gas in 
the more conventional thermal-electric power plants. As can be seen in 
Figure 2.6, in conventional thermal power stations, the heat from burn- 
ing fossil fuels is used to turn water into eteam to rotate turbine- 
generators. In nuclear power stations the heat is produced by the 
splitting of atoms in the uranium fuel. This latter phenomenon is 
called fission. The heat generated by this nuclear reaction is then 
transferred to the boiler via the reactor's heavy water cooling system, 
(see figure 2.6) 

The natural uranium in the fuel consists mainly of the isotopes uranium- 
238 and uranium-235 (less than 1% is uranium-235). Only the uranium-235 
atoms are capable of fissioning to any great extent. 

The fission process is initiated by the bombardment (collision) of the 
uranium fuel with slow-moving neutrons. Neutrons resulting from this 
fission process are energetic or fast-moving. In order to sustain the 
fission process, these neutrons must be slowed down. This is accom- 
plished by means of a moderator. In a CANDU reactor, this moderator is 
heavy water (deuterium oxide). The heavy water moderator is contained 
in a separate loop from that of the heavy water coolant. 

Heavy water rather than light or ordinary water is used because it 
absorbs less neutrons and thus, is more efficient. If light water were 
used, the uranium would first have to be upgraded or "enriched" to a 
higher uranium-235 content than found in natural uranium. This is the 
case for reactors developed in the United States. 

Fast neutrons are not the only products of fission-gamma rays and other 
fission products are also produced. All of these products produce heat 
as they are slowed down and stopped within the fuel element. The heat 
produced is used to generate steam to turn the turbines. 

The fast neutrons produced in the fission process can penetrate the fuel 
cladding and are bounced around and slowed down by the heavy water 
until they are captured by the coolant, fuel, or other reactor 
components. Some of the neutron capture in the fuel sustains the fission 
reaction. Other captures in the fuel produce activation products such 
as uranium-239 (from capture by uranium-238) which decays to plutonium- 
239. Neutrons captured in the coolant and other materials present in 
the core or centre of the reactor produce other radioactive activation 
products. 

The gamma rays produced, both as a direct result of the fission process 
and from the decay of the radioactive fission products, can penetrate 
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both the fuel cladding and the "in-core" components. II is thus neces- 
sary to shield the reactor with suitable material to stop these radia- 
tions. This protective shielding, which usually takes the form of steel 
or concrete or combinations of the two, safely absorbs or reflects the 
gamma rays at the edge of the reactor core 

(ii) Sources of Radioactivity 

There is only one area in a nuclear power plant where radioactivity is 

produced and that is in the reactor core. The types of radioactivity 

produced can be classified in two categories - fission products and 
activation products , 

The fission products remain within the fuel elements except for minute 
amounts, composed mainly of fission gases, which are released to the 
reactor coolant via occasional small defects in the fuel sheaths. 

Activation products are formed by noution bombardment of thi* fuel, aii\ 
coolant, moderator, and corrosion pi'oducts in the coolant and moderator. 
Neutron bombardment of the heavy water coolant produces tiitium, a 
radioactive isotope of hydrogen. The corrosion products arise from the 
minute quantities of metal, etc. that arc released to the reactor coo- 
lant and moderator due to corrosion in these systems. The freed parti- 
cles are then transported to and through the neutron flux in the core 
where some of them become radioactive. 

This unwanted radioactivity can then be transferred from the core to 
other parts of the affected systems. In order to maintain the radiation 
levels in the coolant and moderator at a minimum, ion exchange resins 
and filters are used to remove the non-gaseous fission and activation 
products present. "Off-gas" systems are used to remove the radioactive 
gases. 

(iii) Emission Pathways 

Despite careful design, construction, and operation of the reactor 
systems described above, small leakages do occur. These leakages release 
small amounts of radioactive gases and radioactive particulates to the 
atmosphere in the area of the leak. Radioactive liquids may also be 
released. Tables 2.7 and 2.8 list possible radionuclides released in 
air and liquid effluents from a CANDll reactor. 

The gaseous exhausts are heavily filtered and monitored before being 
released to the environment. Normally these exhausts are all funnelled 
into one duct where the flow is continually sampled and monitored separ- 
ately for particulates, gases such as argon-41 , tritium, and iodine- 131. 
The resulting data are displayed in the station control room so that 
remedial action can be taken if required . 

Special drains in the controlled areas convey any liquid wastes to sump 
from which they are sent to storage tanks. The tanks are then sampled, 
the liquid analyzed for radioactive content, and either treated or 



CONVENTIONAL POWER PLANT 
CANDU NUCLEAR POWER STATION 



Figure 

a© 



CONVENTIONAL POWER PLANT 



i^4i^. 



ELECTRICITY 



HEAT APPLIED TO 
QROINAHY WATER 
PRODUCES STEAM 




STEAM PRtSSIjRE 
DRIVES TUHBlMf 



BOILER 




Sflb 



FUEL 

ICOALI 



HEAT 

HEAT PRODUCED BY 
BURNIMGCOAL OR OIL 
(CHEMICAL REACTIONI 



TURBINE DRIVES GENERATOR 

PRODUCING Electricity 



CANDU NUCLEAR POWER STATION 



heat applied to 
ordinary water 
produces stc am 




STEAM PRE SSUHE 
DRIVES TURBINE 




TURBINE DRIVES GENERATOR 
PROCUCINO ELECTRICITY 



FUEL (URANIUMI 



HEAVY ^^ATEH COOLAM 
IHANSfEHS HEAT f ROM URANKJM 
tUELTOOflOINARVlliATERIN 
80ILEB ISTEAM GENERATOHl 

Ht AT PRODUCED BV 

H5ilOMNC. URANIUW 

'Jii. CLE AH REACTIONI 



Main difference between a con- 
ventional steam power plant 
(upper) and a nuclear plant 
(lower) lies m the source of 
heat used to make the steam 
that drives the turbines In the 
reactor, heavy metal flows over 



hot uranium rods and becomes 
hoi itself. 1! IS then pumped 
through a boiler (heat exchanger) 
where It gives up its heat to 
ordinary water ttiat is converted 
into steam 



TABLE 2.7 
Possible Airborne Emissions 



CANDU Reactor (1,3) 



Radionuclide 

Tritium 

Noble Gases 
Ar-41 
Kr-85 
Kr-85m 
Kr-88 
Xe-133 
Xe-135 

Xe-l3a 

Iodine-131 

Particulates 
Co-58 
Co-60 
Sr-89 
Sr-90 
Ru-106 
Cs-134 
Cs-137 



Source 



Activation Product 



Activation Product 

Fission Product 

If 

-■«" 

n 

u 

Fission Product 



Corrosion Product 

II 

Fission Product 
II 



Half-life 



12.3 y 



1.8 h 

10.7 y 

4.5 h 

2.8 h 

5.3 d 

9.2 h 

14.2 m 

8.0 d 



71 d 

5.3 y 

50.5 d 

28.0 Y 
369 d 

2.0 y 

30.1 y 



TABLE 2.8 (1,3) 
Possible Liquid Effluents - CANDU Reactor 
Radionuclide Source Half-life 



Tritium 

Fe-59 

Co-58 

Co-60 

Zn-65 

Sr-89 

Sr-90 

Zr-95 

Ag-llOm* 

1-131 

Cs-134 

Cs-137 

Ba-140 

Ce-144 

Cr-Sl 

Mn-54 
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d 
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Ag-llOm refers to the isomeric or longer-lived state of silver 
- 110. The shorter-lived state has a half-life of 25's. 
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released to the station cooling water (for final dilution to acceptable 
levels) before entering the environment. It should be noted that this 
cooling water is not associated with the reactor as such but is used 
mainly to recondense the spent steam from the turbine before returning 
it to the boiler. 

Solid waste products, such as spent fuel, ion exchange resins, filters, 
etc., contain the bulk of the radioactivity produced in the reactor. 
The spent fuel, containing more than 99% (6) of the radioactivity pro- 
duced, provides its own self-contained packaging for fission products. 
The current practice is to store the spent fuel in a water bay area 
until the short-lived radioactive fission products decay. 

The small quantities of solid activation products that may be plated out 
on the surface of the stored fuel will either remain or be slowly re- 
leased into the spent fuel bay water from which they can be removed by 
clean-up systems. Any slightly defective fuel may continue to release 
small amounts of radioactivity into the water of the spent fuel bay. 
The soluble and particulate releases suffer the same fate as the activa- 
tion products. The gaseous releases may enter the air above the bay, 
necessitating its control and monitoring. If the leakage is large, fuel 
assembly may be 'canned' to contain the activity before entering the 
bay. The remaining solid waste can be suitably packaged to prevent the 
release of activity before being removed from the controlled area for 
storage or disposal. 

Another pathway of radioactivity release is via heavy water which has 
leaked out of the reactor system. This heavy water is sent to an up- 
grading system. Upgrading removes contaminants (including light water) 
from the heavy water before it is returned to the reactor system for 
further use. The upgrading is normaDy done in a batch mode, but conti- 
nuous upgrading of streams bled-off from the heavy water moderator is 
also possible. The tritium content of the heavy water vapour lost in 
the upgrading system requires that this vapour be directed to a vapour 
recovery system before release to the atmosphere . 

In addition to being transported via the air, liquid, and solid ef- 
fluents, radioactivity may also be transported on clothing by personnel, 
For this reason separate clothing is worn inside controlled areas. Upon 
leaving these areas personnel remove this clothing, monitor themselves, 
and shower if necessary before dressing in their outside clothing. 

To summarize, the radioactivity emitted from a nuclear power plant 
although produced in the reactor core, can be released in the following 
areas of the plant: (3) 

a) Ventilation systems from controlled areas 

b) Floor drains in controlled areas 

c) Resin slurry liquids 
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d) Spent fuel bay 

e) Heavy water upgrading system 

f) Active clothing laundry 

g) Decontamination centre 

h) Showers and washrooms in controlled areas 

i) Laboratories 

( iv ) Estimated Releases To T he Env ironme nt 

The solid radioactive waste produced (fUters, ion exchange, resins, 
etc.) can be suitably packaged to prevent any release. This leaves the 
air and water flowing through the plant as the media for releases to the 
environment . 

Airborne Emissions 

As mentioned earlier, all ventilation systems in controlled or possible 
contaminated areas contain filters to minimize the releases to the 
atmosphere. For those radioactive gases and particulates that get by 
the filters, suitable methods of monitoring and detection are employed. 
To ensure appropriate dispersal, these areas are vented via the station 
stack . 

The main airborne releases, their sources, and estimated release rates 
per megawatt-year of electricity (MWY(e)) generated are listed in Table 
2.9. 

Waterborne Effluents 

Liquid releases occur via the station cooling water system. Although 
monitored before entering the cooling water discharge, a final check on 
plant liquid releases is made using a continuous sampler on this dis- 
charge in order to provide a composite sample for laboratory analysis. 

Table 2.10 gives the two main categories of waterborne releases, their 
sources and estimates of release rates per MWY(e). 

The release rates at Pickering, the only full-scale CANDU nuclear power 
plant which has been in operation long enough for significant measured 
data to be available are shown in Table 2.11. These release rates are 
lower than the design target of 1% of the permissible Derived Release 
Limit (DHL). (8) The DRL's are maximum limits for the radioactivity that 
may be released in accordance with the operating License issued by the 
Atomic Energy Control Board to each station. These limits are derived 
from the maximum radiation dose permitted to an individual member of 
the public. For the whole body dose, this is 500 mrem/y. Table 2.12 
shows the estimated maximum radiation doses from Pickering for one year, 
1974. (7). 
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Estimated Airborne Release Rates - CANDU Reactor 



Radionuclide 



Tritium 



Source 



Activation Product 



Daily ^ 
Release Rate/ MWY(e)* 

0.4 Ci/d 



Noble Gases 
Argon-41 
Xenon, Krypton 

Iodine-131 



Activation Product 
Fission Products 

Fission Product 



0.1 Ci-Mev/d 



5 X 10 Ci/d 



Radioactive 
Particulates 



Activation & Fission 
Products 



4 X 10 



* A MWY(e) is the amount of electricity put out by a 1 MW capacity power 
plant, running at 100% capacity, in 1 year (365 days). The emission 
rates for such a plant are given on a daily, rather than a yearly, basis. 

Derived from Ref. 3 and 5. 
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Estimated Waterborne Release Rates - CANDU Reactor 



Radionuclide 



Tritium 



Source 



Activation Product 



Release Rate /MWY(e) 
0.025 Ci/day 



Beta-Gamma 
Cs-137 
Cs-134 
Co-60 
Sr-90 
Others 



Fission Product 

II 

Activation Product 
Fission Product 



2.0 X lO'e Ci/d 
0.8 X lO'e " 
0.6 X 10 6 " 
0.02 X lOg " 
0.6 X lO" 



Total 



4.0 X 10 Ci/d 



* Derived from references 3,5 



TABLE 2.11 - AVERAGE EMISSIONS OF RADIOACTIVITY FROM 
PICKERING NUCLEAR-ELECTRIC GENERATING STATION (5) 



EMISSIONS TO AIR 



Year 



Tritium 



Noble Gases 



1-131 



Particulates 



Ci/d 



% DRL 



Gamma 
Ci-MeV/d 



DRL 



Ci/d 



% DRL 



Ci/d 



DRL 



1973 


100 


3.3 X 10 


1974 


680 


2.4 X 10 


1975 


560 


2.0 X 10 



-1 



110 



1.8 



0.015 



2.5 X 10 



0.03 



2.0 X 10 



120 1.9 X lO'"^ 1.1 X lO'^ 1.9x10^ 9.3x10^ 6.5x lO"^ 



140 



2.2 X 10 



2.6 X 10-' 



4.5 X 10- 



2.0 X 10-^ 1.4 X 10-' 



EMISSIONS TO WATER 



Year 



Tritium 



Gross Beta-Gamma Activity 



Ci/d 



% DRL 



Ci/d 



% DRL 



1973 
1974 
1975 



11.5 



0.4 



40.0 8.7 X 10 



29.0 6.4 X 10 



-2 



-2 



5.0 K 10 



7.2 X 10 



2.6 X 10 



0.3 



2.9 X 10 



1.0 X 10 



n 
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If^ Generation of Spent Fuel Waste 

The fuel cycle requires about 140 kg U/MWY(e)(ll)*. This represents 
approximately seven Pickering- type bundles. This amounts to an assem- 
bled fuel weight of '^ 170 kg/MWY(e)(U) . Thus, spent fuel accumulates 
at the rate of, 170 kg/MWY(e). The coal equivalent needed is approxi- 
mately 2.6 X 10 kg (4) coal yielding 1.3 x 10 kg ash. (6) 

To date, spent fuel produced in Canadian power reactors is stored in 
water-filled, double-walled concrete tanks (spent-fuel bays). This 
interim storage technique serves three purposes: 

1) Remove heat generated in the irradiated fuel by decay of 
contained short-lived radioactive fission products. 

2) Provide sufficient shielding to maintain acceptable radiation 
levels outside the storage area. 

11 Provide containment of any radioactive materials that might 
escape from the fuel. 

Alternative interim storage concepts such as dry storage in concrete 
cannisters are being evaluated. 

Several methods have been suggested for final disposal of irradiated 
fuel. These include such approaches as surface disposal, ice sheet 
disposal, disposal in outer space, disposal on or in ocean plains, and 
geological containment (in salt-formations, crystalline rocks, shale, 
and volcanic rock). An acceptable national plan for the management and 
disposal of nuclear wastes is clearly needed to prevent a delay in the 
country's nuclear power program. The recently completed report on "The 
Management of Canada's Nuclear Wastes" emphasizes the need for 
developing such a management technique. (12) 



* uranium required varies depending on source (Ref. 2, 3, 4, 6. 7, 8, 

9, 10, 11). 
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2.3 Institutional Sources 

2.3.1 Medical 

Radiation exposure to the general population due to medical and dental 
practices represents a significant percentage of the total exposure to 
radiation, and is the largest maninade contributor. Figure 2.7 illus- 
trates this point in terms of genetically significant dose rates, in 
which the medical and dental sources represent about 30% of the total 
genetically significant dose, and 90% of the total man-made radiation 
dose. The following section, although not directly relevant to environ- 
mental aspects except with regard to waste disposal, is considered to 
provide relevant data on the role of medically related exposures as an 
important component of man's overall background radiation exposure. 

Medical and dental applications of radioisotopes include such items as: 

1) Diagnostic Radiography 

i) Radiation Therapy 

3) Nuclear Medicine 

4) Laboratory Techniques 

As well as patients receiving radiation exposure, medical/ dental staff 
and visitors, to an extent, also receive exposure from the same sources 
and, in some cases, from the patients themselves. 

(i) Diagnostic Radiography 

The majority of medical radiation exposure to the population can be 
attributed to diagnostic radiography. X-ray, fluoroscope and cinescope 
diagnostic examinations in 229 hospitals in Ontario totalled 4,814,348 
in 1974 (excluding dental x-rays). A breakdown of the types and fre- 
quency of the examinations is shown in Table 2.13. 

TABLE 2.13 
Radiology Examinations in Ontario (1) 

Examination 

Chest Examinations 

Fluoroscope 

TB X-rays 

Cinescope 

Other X-rays 

Serviced by diagnostic 

radiologists 



Percentage 


of To 


tal 


Examinations 




23 


3% 




9 


5% 




4 


.3% 







.6% 




60 


.7% 




1, 


6% 
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Radiology contributes an annual genetically significant dose of^ about 55 
mrems to the individual. Abdominal examinations represent 90-6 of this 
dose (2). 

The estimated mean gonadal dose in the United States for 1970 from 
abdominal examinations other than flat plate examinations was reported 
as 857 mrad per examination for males and 524 mrad per examination for 
females. Barium enemas resulted in a mean gonadal dose of 903 mrad per 
examination for females and 470 mrad per examination for males. Simila- 
rUy, mean gonadal doses to females from lumbar spine examinations and 
intravenous or retrograde pyelograras were estimated as 721 and 588 mrads 
per examination and to males, 507 and 437 mrads per examination, res- 
pectively (3). 

(ii) Radiation Therapy 

The use of radioisotopes in the treatmrnt of cancer patients is perhaps 
the best-known therapeutic application of radiation, contributing an 
average estimated 5 mrem per individual annually to the genetically 
significant dose (2). As well, patients with tuberculosis, Hodgkms's 
disease, hyperthyroidism, etc. may be treated with radiation by a va- 
riety of methods. There are a total of 26 cobalt-60 and 2 cesium- 137 
therapy units in operation in Ontario. 

Radiation therapy constitutes a minor portion of the total medical 
exposure of radiation to the general population as illustrated in Figure 
2.7. 



(iii) Nuclear Medicine 

Radioactive pharmaceuticals are administered directly into the body and 
serve to study pathways and stages of metabolism (e.g. labelling protein 
for metabolism studies). 

The radiation exposure to the public from nuclear medicine is relatively 
small as shown in Figure 2.7 and Table 2,14. 
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TABLE 2.14 



Radiation Dose from Exposure to Medical Practice (4) 

MiUirem per annum per person 

bone germ germ 

marrow cells cells 

(U.K. data) (U.K. data) (other data) 



Diagnostic radiology 32 14 10-50 

Radiotherapy 12 i 2-5 

Nuclear medicine 2 0-2 < l_ 

Total (approx.) 46 If 12-56 

Since nuclear medicine and radiopharmaceutical therapy often involve the 
use of unsealed radioactive sources, there is a potential hazard to the 
medical staff in handling these sources. For example, skin doses to 
staff handling radioactive syringes range from 1 to 70 mrad/min per 
100 pCi as shown below. 

Skin doses to fingers in contact with syringes (maximum estimates) 
when unshielded syringes are used (5) . 

Nuclide Dose (mrad/min per 100 pCi) 

Technetium-99ra 1-5 

Indium-USm = 15 

Iodine-131 14-70 

Gold-198 8-20 

Other potential sources of exposure to medical staff and patients would 
be ingestion or inhalation of radionuclides or external exposure from 
patients receiving radionuchdes for treatment or diagnostic studies. 
The excreta and body fluids of patients receiving radiopharmaceutical 
therapy may contain radioactivity as well and present another source of 
exposure to the medical staff. 
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( i V ) Lab o ratory Techniques 

Electron microscopy, fluorescence spectrometry and gas chroinalography 
are a few of tlie analytical techniques which require the use of radio- 
nuclides. 

The electron microscope uses uranyl acetate as a positive or negative 
stain and for shadowing purposes. The fluorescence spectrometer uses 
radioactive sources to determine calcium content for bone mineralization 
studies, to measure potassium and iodine levels in blood, copper, sodium 
and phosphate levels in plasma, and sulphur in protein fractions. The 
gas chromatograph uses plated sources in the detection section of the 
unit. A plated source consists of a metal backing upon which the radio- 
nuclide is deposited. For a given source activity, a plated source is 
a greater potential exposure hazard than a sealed source, but a lesser 
hazard than an unsealed source. 

Some radionuclides and their respective source activities commonly used 
for plated sources in gas chromatography are: 100-300 mCi tritium, 10- 
20 mCi strontium-90, 2-15 mCi nickel-63, 0.05-0.1 mCi radium- 226. 0.1 
mCi lead-2i0, cobalt-57 and oxygen-14 (for standardization). External 
radiation from detectors containing strontium-90 or radium-226 is usu- 
ally attenuated by shielding material built into the chromatograph 
detector unit. At 3 cm from the sides of this unit exposure rates are 
around 10 mR/h, but at the open anode end. the dose rate may increase to 
1000 mR/h (5). 

Activity can escape as a result of (i) excessive heat, (ii) chemical 
attack by a cleaning solvent or a material being analyzed, Ciii) radio- 
active gas emission and, (iv) mechanical damage to the source. 

Air ionizers which remove static charge from precision balances, micro- 
tomes and photographic plates also use microcurie levels of plated 
sources. 

There is a hazard to external exposure in labs where stock solutions are 
held or where dispensing and labelling of radioactive materials are 
performed. Contamination of working surfaces, equipment or the worker 
himself is possible in the case of leakage of sealed or plated sources, 
or accidents in labs and dispenseries . 

Principal research studies during 1966 in the United States included 
labelling hormones with iodine-131 in metabolic studies (16% of total 
administrations), labeDing aldosterone with tritium and carbon-14 in 
metabolic studies. (5.6% of the total), and labelling albumin with 
iodine-131 for blood volume determination, (4.6% of the total). Other 
studies included adrenal secretion, blood flow, lung and heart scanning, 
cardiac output, autoradiography, iron absorption, plasma clearance and 
radioimmunoassay. Radionuclides such as xenon-133, krypton-85, iron-59, 
calcium-47, indium-113m , technetium-99m as well as iodine-131, tritium 
and carbon-i4 were used in these studies (6). 
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2.3,2 Universities 

Universities use radioactive sources extensively in many areas of re- 
search . The University of Toronto is the largest user of radioisotopes 
among the universities in Ontario, handling an estimated 40% of the 
total radioactive sources accounted for by all Ontario universities. 
McMaster University handles another 20% of this total radioactivity, and 
the remaining 40% is attributed to all the other universities in Ontario 
(e.g. Western, Windsor, Waterloo, Guelph , Queen's, etc.). 

Universities produce some of their own radioisotopes using accelerators 
and nuclear reactors. Presently, there are two slow poke reactors in 
use in Ontario, one in Ottawa operated by AECL, and the other at the 
University of Toronto. In addition, McMaster University operates a 
larger 5 MW nuclear reactor. Approximately 6 accelerators are presently 
in use in Ontario. 

The University of Toronto obtains 90% of their radioactive material from 
outside suppliers. Three to four shipments of 10 mCi to 1 Ci sources of 
activity are received daily. These suppliers include Amersham, New 
England Nuclear, Charles E. Frosst, Limited, and ICN. All shipments are 
sent via Montreal airport. A special terminal in the airport is used to 
distribute shipments of radioisotopes to trucks and other aircraft, 
which in turn carry shipments to other Canadian locations. 

The most commonly used radionuclides are listed in Table 2.15, along 
with the total activity per annum used by the University of Toronto. 
These represent about 80% of all the radioisotopes in use at the Univer- 
sity of Toronto. 

Table 2.15 

Common Radionuclides in Use at 
the University of Toronto 

Radionuclide Total Activity/y in [Ci/y] 

Tritium (most common) 200-300 
Carbon -14 10-20 

Sulphur-35 ~10 

Phosphorus-32 slO 

Iodine- 125 =10 

Iodine- 131 ~10 



Sealed sources are used in gas chromatography, fluoi-esoence spectro- 
metry, other laboratory procedun-s. nucU^u' medicine research and radia- 
tion therapy. The University of Toronto has one sealeii soui'ce of 10.000 
Ci of cobalt-60 in their medical building for therapy procedures, 
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Similarly, McMaster University uses sealed sources of 5,000 Ci cobalt-60 
and 2,000 Ci cesium-137 for radiation therapy. In addition, there are 
31, cobalt-60 source "geimraa cells" in operation in Ontario. These units 
are used in research to investigate the effects of radiation. 

Medical research accounts for about 75% of the radioisotopes used by 
universities. The remaining percentage is divided up between all of the 
other facilities for use in research (e.g. engineering, applied scien- 
ces, health and life sciences, arts and sciences, agriculture, forestry, 
etc . ) , with a small percentage used for teaching purposes . 

The University of Toronto has 380 labs which use radioactive material 
with 800 people in total handling radioactive sources, while McMaster 
University has about 500 people handling radioisotopes. 

Storage systems vary with each institution. McMaster University has a 
central collection system from which radioactive material is distributed 
to each user, between 2-4 p.m. on the day of arrival. The University of 
Toronto does not have a central collection system but instead, each 
department holds the material in their general storerooms. Shipments 
are checked for external contamination and the storerooms retain ship- 
ments until transfer to the user. 

The Health Physics or Radiation Protection officer associated with each 
university is normally the holder of the consolidated license from the 
AECB. It is mandatory that this officer keep records of all shipments 
received and of all wastes disposed. In addition, both McMaster Univer- 
sity and the University of Toronto have internal licensing systems which 
record the amounts of radioactivity each user is allowed and cumulative 
amounts used. 
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2.3.3 Waste D is posal 

Radioactive wastes from medical and educational institutions are dealt 
with in two ways. First, by allowing radioactive wastes to be stored 
under controlled conditions until they have decayed to levels considered 
non-radioactive, and then treating them as conventional solid or liquid 
waste. Second, by disposing specific quantities of activity into the 
environment so that combined radiation doses are within statutory li- 
mits. 

Liquid radioactive wastes encompass solutions and suspensions of radio- 
active substances such as solvents from scintillation counting, blood 
and excreta from patients receiving radiopharmaceuticals, and spills and 
washwater from cleaning contaminated articles. An estimated 95% of the 
liquid waste collected by these institutions are solvents from scintil- 
lation counting. The majority of liquid wastes have low levels of 
activity . 

Solid radioactive wastes consist of used molybdenum and technetium 
generators, contaminated syringes, glassware, protective clothing, 
linen, cleaning materials, bench covers, insoluble radioactive material 
and contaminated animal carcasses . Gaseous radioactive wastes are 
primarily a byproduct of incineration of radioactive materials, 

Disposal practices for these three forms of waste are considered below. 

Liquid Wastes 



Waste disposal practices vary from institution to institution . For 
example, washwater from cleaning contaminated articles and laboratory 
urine samples are commonly disposed of through the conventional sewage 
system, however, McMaster University also disposes of low level carbon- 
14 and tritium liquid waste, spills and decayed liquid waste through the 
sewage system. The University of Toronto, which has a policy that no 
radioactive waste will go into standard garbage systems, if it can be 
avoided, collects these same wastes for disposal as radioactive waste. 

Presently, the University of Toronto is responsible for the collection 
of waste from 22 institutions in addition to its own. The University of 
Toronto disposes of 2500-3000 gallons of waste per year. Approximately 
50% is from the university, 25% is collected from the Princess Margaret 
Hospital and the remaining 25% is collected from the other 21 institu- 
tions including Toronto General Hospital, Hospital for Sick Children, 
York University, Seneca College, and the Ministry of Natural Resources. 

The collected wastes are shipped in glass vials, in trays of 1000 vials 
to Chalk River Ontario. Seventy-five to a hundred trays are shipped for 
disposal per month. The activity of this waste is limited to one-tenth 
of the scheduled quantity per litre. Notice is sent prior to shipment 
and acknowledged by AECL in Chalk River upon receiving the shipment of 
waste. 
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The Universiity of Toronto supplies thf Ti other institutions with S 
litre containers, filled with an absorbont materia! called "Seahle". 
Liquid wastes are essentially solidified when poured into these con- 
tainers. Liquid wastes disposed of in this manner include solvents from 
scintillation counting, blood and urine from patients receiving radio 
pharmaceuticals, unused stock solutions, and long-lived radionuclides 
used in medical research. Spills of radioactive material are cleaned up 
with absorbent paper or sawdust and the cleaning materials are disposed 
of as a solid radioactive waste. Some spillage can make its way to the 
sewage system. Thus, the University of Toronto monitors effluent from 
some of their facilities on a regular basis . 

McMaster University separates liquid waste into two categories, combus- 
tible and non-combustible waste. Solvents containing radionuclides 
(e.g. from scintillation counting) can be incinerated for the most part, 
except when iodine-125 is present. In that case, the waste is allowed 
to decay for 6-8 months before incineration. Non-combustible liquid 
waste is collected in 5 gallon polyethylene containers which are 
packed in 45 gallon drums and held in the solvent storage room until the 
University's truck collects the drums and transports them to Tricil (a 
licensed disposal facility). 

As a rule, high level hquid wastes are stored behind shielded areas in 
radioactive waste storage rooms. Waste is allowed to decay until it is 
considered non-radioactive and is disposed of by incineration or re- 
leased to standard sewage systems. Since high level waste is not cus- 
tomarily encountered from medical and educational institutions, special 
instructions and containers are obtained from AECL when a high level 
waste is generated (e.g. removing a radium-226 source in a special 
container and relocation to Chalk River for ultimate disposal). 

(ii) Solid Wastes 

Solid waste is temporarily collected in large plastic trash cans which 
are usually located in a room out of the way of major traffic. The 
frequency of emptying these waste containers ranges from daily to twice 
per week. 

As with liquid waste, the disposal practices dealing with soUd waste 
vary between institutions. McMaster University divides solid waste into 
combustible and non-combustible waste. Combustible wastes, the majority 
of which are contaminated animal carcasses, are burned in the Univer- 
sity's incinerator. Non-combustible waste is bagged in polyethylene 
bags, and packed in 45 gallon drums for shipment to Chalk River via a 
University truck. Any combustible wastes considered too high a level to 
incinerate, such as spent ion exchange resins, are also shipped to Chalk 
River . 

The University of Toronto has a compactor to consolidate solid wastes 
before they are packed into 45 gallon drums and shipped to Chalk River. 
Some animal carcasses are incinerated at the University, in which case, 
the residual ash is sent by University truck to Chalk River for dis- 
posal. Any anijiial carcasses not incinerated ai'e disposed of as solid 
radioactive waste. 
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The University of Toronto also collects wastes from 22 other institu- 
tions The Princess Margaret Hospital stores waste in an area near 
their high level lab until coUected by the University. The waste 
storage room is equipped with a shielded area to aUow for decay of 
higher level waste. All soHd waste is double bagged, syringes, pi- 
pettes and needles are capped and bagged, and contaminated animal car- 
casses are frozen and bagged. The University also disposes of used 
molybdenum and technetium generators from medical institutions. 

(iii) Airborne Releases 

Waste incineration results in releases of radioactive material to the 
air (e.g. tritium as water vapour or carbon-14 in carbon dioxide), 
and/or retention of radioactive material in the ash. The University of 
Toronto estimates air emissions by mass balance calculations that in- 
clude ash retention data of each radionucUde. AU residual ash is 
disposed of as a solid radioactive waste. 

McMaster University monitors residual ash and fly ash coUected by a 
precipitator. The ash is disposed of as a conventional waste since the 
level of radioactivity is low. 

Most institutions have a Radiation Protection Officer or equivalent, who 
is held accountable for proper waste disposal. The officer is responsi- 
ble for keeping accurate records of disposals and decay including 
dates, quantities, methods of disposal and sources. 

Special janitorial services or trained laboratory technicians are res- 
ponsible for cleaning and monitoring potentially contaminated areas, 
collecting all radioactive waste and transferring waste to temporary 
storage areas. 
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2 . 4 Indus trial and Commerci al 

The industrial and commercial applications of radioisotopes are numerous 
and highly diversified. This section will serve to introduce the most 
important of these applications. 

Radionuclides are utilized in a wide variety of industries, in such 
processes as sterilization. polymerization, irradiation catalysis, 
vulcanization and chemical grafting. Gauging, radiography and radio- 
active tracing are commonly used in measurement and control engineering, 
and industrial research. 

Commercial uses of radionuclides include radioactive sources in luminous- 
dial watches and ionizing smoke detectors. 

Radioactive sources are apphed either in encapsulated form, or. are 
injected directly into a process or process fluid. Leakage, accidents 
and improper waste disposal are potential pathways by which radio- 
activity from a sealed source could enter the environment. Radio- 
isotopes injected into a process or process fluid may also enter the 
environment through process losses or disposal practices. 

During the course of this study, many industrial and commercial applica- 
tions of radioisotopes were identified; however, specific data pertain- 
ing to amounts of radioactivity and in some cases even the actual radio- 
nuclide utilized were not available. Information on exposures to the 
individual due to such radioactive sources is also limited. 

Table 2.16 is a partial list of radioisotope applications, specific 
sources and areas of use. Gaps in the table indicate lack of available 
information. The major gap is in the area of waste disposal, that is, 
the ultimate fate of these radioisotopes. 

Information specifically pertaining to present day applications of 
radioisotopes in Ontario has not been documented. However, such proce- 
dures as industrial radiography and industrial tracing are common prac- 
tice in North America and the use of radionuclides in process control 
instrumentation is a general industrial application. There are 716 
instrument gauges using radioactive sources in present use in Ontario. 

Three cobaU-60 source, production irradiators are being used in Ontario 
primarily for sterilizing medical supplies. These are located in Toron- 
to, Peterborough and London. 

Products such as luminous-diai watches and clocks, nuclear-powered 
pacemakers, colour T.V. sets and ionizing smoke detectors are commonly 
used by Ontario consumers. There are an estimated 500.000 ionizing 
smoke detectors in use in Ontario. 

The available information on dose estimates for various industrial and 
commercial applications is summarized in Table 2.17. 
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TABLE 2.16: INDUSTRIAL AND COMMERCIAL APPLICATIONS OF ElADIO ISOTOPES 

(1 to 24 inclusive) 



APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



DESCRIPTION 



SECTION A: GAUGING 
& RADIOGRAPHY 

1. Air Ionization 



Smoke Detectors 



- Lightning Rods 



- Spark-Gap 
Irradiators 

- Paper Rolling 
Static Elec- 
tricity Bars 



Ra-226 now replaced by 

Americium-241 (Am-241) 

and some Nickel-63 

{Ni-63) 

Industrial sources: 

80 |jCi Ain-241 maximum 

15 jjCi Am-241 average 

Commercial sources: 

1 (jCi Am-241 average 

or 0.1 [jCi Ra-226 average 

1 mCi Ra-226 on the 
tip 



Industrial and Commercial Smoke 
Detectors 



Industrial and Commercial 



limit: 1 ^JCi Co-60/ea Spark- ignited Fuel-oil Burners 



Of source 



Pulp and Paper 



to ionize air and eliminate 
static charge buildup 

approximately 500,000 

ionization smoke detectors 

in Ontario 

exposure from commercial 

detectors; 10 inches away, 

8 h/d, 1 year: 

0.5 mrem/y shielded 

36,8 mrem/y unshielded 



- 50,000 in the world 



static eliectricity is 
removed as paper is rolled 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



SECTION A: GAUGING 
& RADIOGRAPHY (cont'd) 

$^ Luminosity 



- Luminous Paint 



Tritium (H-3) 



COMMERCIAL OR INDUSTRIAL FIELD 



Paint Industry 



DESCRIPTION 



the energy of the radio- 
isotopes comes out as a 
light-emitting device 

airlines equip planes 
with H-3 activated signs 



Signal Lamps 

Instrument 
Calibration 

Watch and 

Clock Dials 



Up to 600 mCi 
krypton-85(Kr-S5) 

Ra-226 is now replaced 

by H-3 and promethium- 

147 (Pm-147) 

Average Activity: 

5 mCi H-3 

0.5 MCi Ra-226 



Commercial Product 



a liquid crystal display 
watch containing a maximati 
of 200 mCi tritium contri- 
butes an estimated dose of 
0.6 mrem/y 

a radium-226 dial watch 
contributes an estimated 
3 mrem/y 



Incandescent 

Gas Mantles 



Thorium nitrate 



Electric Power 
Source 

- Thermoelectric 
Generator 



Strontium-90 (Sr-90) 



Industrial 



6.5 to 60 W generators 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION A: GAUGING 
& RADIOGRAPHY (cont'd) 

- Nuclear-Powered 2.5 Ci Plutoniuni-238 

Pacemaker (Pu-238) 



Consumer product 



DESCRIPTION 



by 1975, 50 pacemakers were 

licenced in Canada 

Exposure : 

<5 rem/y to owners 

7.5 mrem/y to family 

0.2 mrem/y to non-family 



5. 



Radiography 

- X-raying Welds 
Castings and 
Machine Parts 



- Deposit 

Formation 
Inspection 

- Examination of 
Hollow articles 

- Detection of 
Explosives 

Instrumentation 

- Level Gauge 



X-rays 



Industrial Inspection of Machinery 
and Finished Products 



4 Ci and up 



Detergent Monitoring 

Source: 

Polonium- 2 10 /Beryllium 

{Po-210/Be) 



Industry 



Civil Engineering 



Package Monitoring in Food and 
Beverage, Pharmaceutical and 
Detergent Manufacturing 



inspection of mechanical 
parts, welds and castings 
for flaws 

inspection of internals 
e.g. bubble trays 
ammunition inspection 



examining cement columns, 
etc. 



to measure levels of products 
in containers e.g. soup, 
toothpaste, pills or 
detergent 



TABLE 2.16 (cont'd) 
APPLICATION 



- Level Gauge (cont'd) 



TYPE OF SOURCE 



SECTION A: GAUGING 
& RADIOGRAPHY (cont'd) 



20 mCi Co-60 used 
in Pulp and Paper 
and Petroleum and 
Coal level gauging 



Welded radioactive 
material: 
10 pCi Co-60 
Bullets shot into 
casing 3 mCi/each 

Thallium-204(Tl-204) 



0.3 MCi silver-110 
(Ag-110) per check- 
ball 



COMMERCIAL OR INDUSTRIAL FIELD 



Level Measurement in Process 
Equipment in Petroleum and Coal, 
Medical and Pharmaceutical, Textile, 
Pulp and Paper, Glass, Basic Metal 
and Chemical Industries, Aircraft 
and Storage and Transport Vessels 



Mining and Quarrying 



Fur Industry 



Ammunition Manufacture 



DESCRIPTION 



measures levels of coke in 
drums, chemicals in mix 
tanks, oil in aircraft tanks, 
grain in silos, rubber 
products in transport and 
process vessels, sand/cement 
in hoppers and furnaces , 
viscose fabrics in dissolvers, 
woodchips and pulp digests 
in preheated and bleaching 
towers, molten glass or 
metal in furnaces, dust in 
electrostatic precipitators, 
etc. 

depth markers in a borehole 
casing for borehole logging 



count number of pelts in 
a pile 

small cunounts of radioisotope 
in each gas check-ball in 
order to check locations of 
critical parts 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



SECTION A: GAUGING 
& RADIOGRAPHY (cont'd) 

- Density Meter 



p-gauges used in Food 
and Beverage, Tobacco- 
10 mCi Sr-90, Textiles- 
Thaliuin-170(Tm-170) 
Y-gauges used in 
Rubber Industry 
Other known sources: 
10 mCi Ra-22b/Be 
100 mCi Am-241/Be 
3 mCi Ra-226 
10 mCi Cesium-137 
(Cs-137) 
lO"* n/s Pu-238/Be 
Co-60 



COMMERCIAL OR INDUSTRIAL FIELD 



Process Measurement and Control 
in Mining and Quarrying, Food 
and Beverage, Tobacco, Textile, 
Pulp and Paper, Rubber, Chemical, 
Petroleum and Coal, Sewage, Non- 
Metallic Mineral, Basic Metal and 
Ammunition Processes 



DESCRIPTION 



controlling densities of 
process materials such as: 
ice cream, tobacco in 
cigarettes, polymer and 
synthetic yarn before 
spinning, pulp, lacquer, clay, 
lime, sand, cement, latex, 
hot brine, organics, acids 
and alkalis, catalysts, 
sewage sludge, explosives 

and mineral powders 
used to determine mass flow 
rates for pouring sugar into 
bags, transport of coal, 
ores and sand, flow of oil, 
for flotation, leaching and 
gravity concentration 
processing 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



DESCRIPTION 



SECTION A: GAUGING 
& RADIOGRAPHY (cont'd) 

- Density Meters 
(cont'd) 



C-14 in soyabean 

density 
Pm-147 in cotton 

density 
Cs-137 in silage 

density 
2 mCi Cs-137 in cabbage 

density in fields 
C-14 or 1 roCi Sr-90 
or 10 mCi Co-60, Cs-137, 
Iridium-192(Ir-192) 
in wood density 
measurement 

C-137 used in soil 
permeability tests 
Tm-170 used in testing 
dyes 



Product Measurement in Agricultural, 
Forestry and Fishing, Food and 
Beverage, Textile, Detergent and 
Building Material Industries 



Research Application in Agricultural, 
Forestry, Textiles, Petroleum and 
Coal, Electricity and Water, 
Meteorology, Geophysics, and 
Hydrology 



Civil Engineering and Construction 



measurement of density of 
soyabean, cotton, silage, 
wood, processed foods, 
fabrics, detergent, building 
materials, and cabbage 
density in fields 



measuring soil permeability 
distinguishing between 
potatoes and earth on a 
conveyor belt, testing 
garments for wear, research- 
ing fluidized catalytic 
processes measuring heat 
transfer efficiencies, onset 
of steam formation, measuring 
upper atmosphere density, 
atmospheric gas composition 
and silt content in rivers, 
investigating dye character- 
istics 

structure stability, concrete 
vibrator efficiencies, 
location of reinforcing bars 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION A: GAUGING 
& RADIOGRAPHY (cont'd) 

- Density Meters 
(cont'd) 



Thickness 
Gauges 



1 Ci Co-60 



Tm-170 
Sr-90 



Leather mass/unit area: 
Cerium-144/ 
Praseodymium- 144 
(Ce-144/Pr-144) 
Thread thickness: 
100 mCi Kr-85 



Metal coating thickness 
on Bi-metallic casts 
for printing plates: 
100 mCi Tl-204 
Thickness of hot- and 
cold-rolled steel 
metal tubes: 
25 Ci Co-60 



Petroleum and Coal Interface 
Detection 



Borehole logging 



Measuring mass per unit area or 
length in Textile, Pulp and Paper, 
Leather, Rubber, Non-Metallic 
Mineral Industries 



Measuring thickness of coatings and 
sheet material in Mining and 
Quarrying, Food and Beverage, Textile, 
Wood and Cork, Pulp and Paper, 
Printing and Publishing, Chemical, 
Petroleum and Coal, Medical and 
Pharmaceutical, Steel and Metal 
Product Industries, Aircraft, 
Photographic Equipment, and 
Jewellery 



DESCRIPTION 



different grades of oil are 
pumped consecutively through 
one line and the interfaces 
between two grades are 
detected for easy separation 

measure fluid density in the 
borehole, locates interfaces 
and changes in fluid charac- 
teristics, locates position 
of ingress of gas or water 
into borehole 

measures mass per unit length 
of thread mass per unit area 
of paper and paperboard, 
leather, riobber sheets, foam 
rubber, coated rubber, glass 
sheet, abrasive paper and 
asbestos fibres 



measuring thickness of layers 
of coal on the floor, biscuits 
as one flat sheet, sheet 
material such as plywood, 
chipboard and veneers, coatings 
of adhesives, polyethylene 
films, metal coatings on 
printing plates, roofing paper 
and shingles, wall thickness 
of pipes and vessels, applied 
coatings on pills, hot- and 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION A: GAUGING 
& RADIOGRAPHY (cont'd) 

- Thickness Gauges (cont'd) 



Moisture 
Gauges 



Research in Agriculture, Forestry, 
Textiles, Pulp and Paper, Rubber, 
Basic Metals 



Pencil Manufacturing: 

Sr-90 

Other known sources: 

100 mCi Pb-210/Be 

0.1 pCi Ra-226 

Am-241/Be 
Po-210/Be 
Pu-238/Be 
Ra-226/Be 

0.0044 |jCi Am-241 



Moisture content measuring in 
Agriculture, Forestry, Food and 
Beverage, Pulp and Paper, Chemical, 
Petroleum and Coal, and Construction 
Industries 



DESCRIPTION 



cold-rolled steel metal tubes 
and rods, coated nuts and 
bolts, ice detectors on air- 
craft, coating or photographic 
papers, precious metal coating, 
snow and soot deposition 

measuring mass per unit area 
of leaves for water economy 
and balance in plants studies, 
moisture pickup and drying and 
wear and tear of fabrics, wear 
of tires and furnace walls 
studies of paper formation 

measuring moisture content of 
soil, vegetation for irriga- 
tion, soil management, water 
balance studies 
measuring moisture content of 
lactose, wood chips, pulp, 
detergents, bulk petroleum and 
coal materials, soil used for 
road, building, dam and 
airfield construction 
used to reject wood plates 
having excessive moisture or 
knot in manufacturing pencils 
dose from 30 mCi Am-241/Be 
Shielded: <10 mrem/h on 

surface 
Unshielded: <1 mrem/h at 

distance greater 
than 25 cm 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION A: GAUGING 
& RADIOGRAPHY (cont'd) 

- Continuous 
Chemical 

Analysis 



Borehole Logging 



Measuring coal ash: 

40 mCi Tl-204 

coal sensor: 

100 mCi Am-241 

mine surveying: 

up to 500 mCi Co-60 

Some on- stream analyzers 

20 mCi Sr-90 or Pm-147 

50 mCi Sb-124 analyzers 



Chemical analysis of raw materials 
and impurities in products in Mining 
and Quarrying, Food and Beverage, 
Chemical, Petroleum and Coal, Glass 
and Ceramic and Basic Metal Industries 



Coal Mining: Mining and Quarrying, Petroleum and 

5-10 mCi Co-60 or Cs-137 Coal, Mineral Processing, Phosphate 
Activation logging for Mining 
bauxite, fluoride, Cu 
and Mn ores : 
3-5 Ci Po-210/B 
or Po-210/Be 



DESCRIPTION 



conveyor belt analysis to 
determine naturally-occurring 
radioactive minerals (e.g. 
potash) 

used as a coal sensor and in 
mine surveying, in elemental 
food analysis, measuring coal 
ash content, analyzing ores 
and mine gases 

measuring chlorine in chlori- 
nated hydrocarbons, potassium 
in fertilizers, Co, Pb, N, 0, 
Cl and F in petroleum, sulphur 
in hydrocarbons, boron in 
boron compounds , lead in 
gasoline, glass/resin ratios 
in glass epoxy, K, Pb and Se 
in glasses, composition of 
furnace melts and exhaust 
gases, carbon to hydrogen 
ratios in petroleum products, 
continuous dust measurement 
in air 

similar to density and moisture 

gauges 

gives direct information on 

the nature and composition of 

underground strata 

a source and detector are 

lowered into the borehole 



TABLE 2.16 (cont'd) 
APPLICATION 



Viscosity 
Measurement 

Weighing 
Measurement 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION A: GAUGING 

& RADIOGRAPHY (cont'd) 
Borehole Logging 
(cont'd) 



Beryllium Photoneutron 

logging: 

20-150 mCi Sb-124 

Boron logging: 

2 Ci Po-210/B 



1 Ci Cs-137 



Medical and Pharmaceutical Industries 



Chemical and Chemical Products 



DESCRIPTION 



and depth versus detector 
output are charted 
core analysis by Y'^o? runs 
specialist companies perform 
this application 

control of viscosity of 
ointments, creams, etc. 

packaging correct weight of 
detergent and other products 
in boxes 



Tire Pressure 
Detectors 



Automobile Industry 



Area Measuring 
Delay Devices 



Electron 
Microscope 

Fluorescence 
Spectrometry 



Uranyl acetate 



Analysis of cement 

raw mix: 

Po-210 and H-3/Ti 

source calcium in Kiln: 

Fe-55 

Iron, Nickel, Copper 

and Zinc Powdered Ore 

Analysis : 

30 raCi Pu-238 



Laboratory Equipment 



Chemical analysis used in Mineral, 
Cement, Photographic Industries, 
Police Work, Antiques, Paintings 
and Archaeology 



functions of time and radio- 
active delay 

used as a positive and negative 
stain and for shadowing 

used in alloy analysis, 
detecting gold, diameter 
measures of tungsten, moly- 
bdenum and copper wires 
metalliferous mineral explora- 
tion and development uses and 
uses in seabed exploration 
calcium in kiln feed, Al, Si, 
Ca and Fe in raw mix 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION A: GAUGING 

& RADIOGRAPHY (cont'd) 
- Fluorescence 

Spectrometry (cont'd) 



DESCRIPTION 



determining age and validity 
of articles of interest 
identifying bullet holes and 
measuring silver content of 
photographic emulsions 
used in coating thickness 
measuring 
analysis of powdered ore 



SECTION B: TRACING 

- Product 

Identification 
and Radiometric 
Dating 



Friction and 
Wear Studies 



Glass and Medical and Pharmaceutical 
Industry 



Sources in Tire Fabric: 

Tl-204 

S-35 



Pulp and Paper and Rubber Industries 



Mixing, 
Diffusion, 
Dispersion and 
Chemical Reaction 
Mechanism Studies 



Diffusion studies: 

Rn-220 

Rn-222 and radon 

daughters 



identification of special 
products, code numbers and 
labels by activation analysis 
identification of glass 
articles as to quality and 
manufacturer e.g. lens 

measuring rates of attrition 
useful in research and new 
designs where tracers are 
used to show periodic irregu- 
larities in weight and thick- 
ness due to equipment 
tracing tire wear 
corrosion, erosion in pipes 
and vessels 

investigating the effective- 
ness of air mixing in a 
ventilated room 
studying diffusion in the 
Troposphere 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION B - TRACING (cont'd) 



Flow Rate 
Measurements , 
Flow Configura- 
rions, Leak Tests 
and Volume 
Measurements 



Detection of Objects 
Blockages and Hidden 
Lines 



Usually short-lived 
gamma tracers 



General Industrial Application 



- Testing Separation 
Techniques 



DESCRIPTION 



tracing expensive catalyst 
leaks 



detecting voids in solids, 

gas pockets in liquid streams, 

entrainment of liquid in gas 

streams 

indicating blockages in 

pulverized fuel feed pipes 

in Power Generating Stations 

testing techniques and 
efficiencies of filtration 
precipitation and electro- 
deposition 



SECTION C: METAL ALLOYS 



Magnesium Alloys Elemental thorixim 



Aircraft 



- TD Nickel 



- Thorium Metal 



Elemental thorium 



Thorium metal 



high mechanical strength 
and light weight 

superior mechanical strength 
and corrosion resistence 
even at high tenperatures 
(2400«'F) 

gaseous discharge tubes and 
photoelectric tubes 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



SECTION C: METAL ALLOYS (cont'd) 

- Depleted Produced from UFg 

Uranium tailings of uranium 

enrichment process 
for nuclear power 
reactors 

99.8% U-238 
0.2% U-235 



COMMERCIAL OR INDUSTRIAL FIELD 



Alloys used for counterweights, 
radiation shielding, ammunition, 
weapons and ballast 



DESCRIPTION 



SECTION D: RESEARCH 



- Sewage Treatment Gamma radiation 

- Radiation 
Charging 



- Automobile 
Output and 
Exhaust 



uranium, radium or 
tritium series 
weak radionuclides 
uranium oxide catalyst 
on activated alumina 



Sewage Treatment Facilities 

Electrostatic Precipitators, 
Filtration and Wet Collection 
Systems 

Automobile Industry 



disinfection with radiation 

charge fine particles using 
electric and magnetic fields 
with ionizing radiation 

increasing car output and 
purifying exhaust gas 
ionize fuels hydrocarbon 
constituents 



SECTION E: PROCESSES 



Sterilization 



Cobalt-60 



Medical and Pharmaceutical and 
Food and Beverage Industries 



sterilization of sutures, 
syringes and other packaged 
items 

sterilization of catgut 
pasteurization 
deinfestation of food of 
insects and parasites 
0.01 mrad kills insects 
0.1 mrad extends shelf life 
of fresh fruit and meat 
5 mrad kills viruses and 
resistant bacteria 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION E: PROCESSES (cont'd) 
- Polymerization 



- Irradiation 
Catalysis 

- Chemical 
Grafting 

- Vulcanization 

- Wood Plastics 
and Textile- 
Plastic combi- 
nations 

- Production of 
composite materials 
and surface coatings 

- Fission-fragment 
recoil energy for 
chemical processing 

- Metallurgy 



High tempera- Thorium oxide 
ture refractories 



Polymer Industries 



Rubber Industry 

Textile and Polymer Industries 



Basic Metals Industry 



DESCRIPTION 



modifying polymers through 
grafting and cross-linking 



modification of textiles and 
processing of plastics and 
elastomers 



thickness gauge control 



pig-iron, steel, non-ferrous 
metal melting and treatment 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



COMMERCIAL OR INDUSTRIAL FIELD 



SECTION F: CONSUMER PRODUCTS 



Colour TV sets 



Dinnerware and 
Glassware 



high voltage Consumer 

rectifier 

shunt regulation 

tubes 

picture tube 

all x-ray sources 

(with solid-state 

circuitry, only 

picture tube is a 

source) 

natural radioactive Consumer 
uranium in ceramic 
glazed dinnerware 
20% uranium in glaze 



DESCRIPTION 



Exposure 

- 1968 average dose @ 5cm 
= 0.043 mR/h 

- 1980 (estimate) @ 5cm 
= 0.025 mR/h 



various combinations of 
uranium salts to obtain a 
variety of colours and 
fluorescences in glassware 
no longer manufactured but 
still available 
Dose estimates: 
Dishwasher 34.4 mrem/y 
Waiter 7.93 mrem/y 
Patron 0.18 mrem/y 



Tinted Eyeglasses 



r- False Teeth 



Some K-40 
0-001-0.044% uranium 



Consumer 

Dentistry and Consumer 



uranium salts added to 
porcelain to match colouring 
and fluorescence of natural 
teeth 



TABLE 2.16 (cont'd) 
APPLICATION 



TYPE OF SOURCE 



SECTION F - CONSUMERS PRODUCTS (cont'd) 
- False Teeth (cont'd) 



- Kitty Litter Ra-226 
SECTION G: MISCELLANEOUS 

- Accelerators - 
Cyclotrons 

- Radar 



Special Weapons 



COMMERCIAL OR INDUSTRIAL FIELD 



Consumer 



Aviation, Consumer Product 



Aviation 



DESCRIPTION 



some potassium - 40 in 

porcelain 

oc Dose: 137 mrem/y maximum 

p Dose: 0-1.19 rem/y 

uranium 
0.08-0.2 rem/y K-40 



satellite communication 

systems 

tracking radars 
UHF TV transmitters 

aviation - air traffic 

control 

weather radars in aircraft 



TABLE 2.17 

Summary of Estimated Dose to Han 
from Industrial or Commercial Uses 



SOURCE 



PERSONS AFFECTED 



DOSE/DOSE RATE 



Density Meters 



Specific Personnel using 
such instrumentation 



Moisture Gauges 
30 mCi Am-241/Be 



Specific Personnel using 
such instrumentation 



Commercial Ionizing General Population 

Smoke Detector 

1 \iCi Am-241 

or 0.1 fjCi Ra-226 



Tritium Dial Watch 


Owner 


200 mCi tritium 




Radium Dial Watch 


Owner 


Nuclear-Powered 


Owner 


Pacemakers 




2.5 Ci Pu-238 


Family 




Non- family 



Colour T.V. sets General Population 



Maximum y dose: 
65 mrem/h 
Maximum neutron 
dose: 
7 mrem/h 

Shielded: < 10 mrem/h 
on the surface 
Unshielded: < 1 mrem/h 
at distances greater 
than 25cm 

10 inches away, 8 h/d: 
0.5 mrem/y shielded 
36.8 mrem/y unshielded 



0,6 mrem/y 

3 mrem/y 

< 5 rem/y 

7.5 mrem/y 
0.2 rarem/y 

0.5 mrem/h at 

5 cm 



Ceramic, Glazed 
Dinnerware 20% 
natural uraniiim 
in glaze 

False Teeth 
0.001-0.044% 
uranium plus 
some K-40 



Dishwashers 

Waiters 

Patrons 



Owner 



34.4 mrem/y 
7.93 mrem/y 
0.18 mrem/y 



a dose: 137 mrem/y 

maximum 
p dose: 0-1.19 rem/y 
due to uranium and 
0.08-0.2 rem/y due 
to K-40. 
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2.5 Ina dvertent Sources 

2.5,1 Emissions from Coal-Fired Power Plants 

Coal is composed chiefly of carbon, hydrogen, and oxygen, with minor 
amounts of moisture and mineral impurities, including various radio- 
nuclides. On combustion, the trace elements in coal are transferred to 
slag, fly ashes, or gases. The major types of coal, in order of in- 
creasing carbon content, are: brown, lignite, subbituminous, bituminous 
and anthracite . (1 ) 

The radiological content of coal has been a matter of considerable 
interest in recent years Some authors have investigated the content of 
coal, fly ash and/or bottom ash (2,3,9.10,11,12). Others have investi- 
gated emissions of coal burning power plants, and compared the possible 
risks due to emission to those due to emission from a nuclear power 
plant (4,5,7,8). 

In coal-fired power plants, elements entering the boiler in the coal 
stream are partitioned between a bottom ash (or slag) stream, and a flue 
gas stream containing fly ash and the vapours of volatile elements or 
compounds. A further partitioning of the flue gas stream takes place in 
the particulate emission control devices (electrostatic precipitators or 
scrubbers). These control devices remove larger fly ash particles with 
efficiencies typically ranging from 95 to 99.5%, but are less efficient 
for vapours and finer particles . 

Ash from the boiler (the bottom ash) and ash removed by the precipita- 
tors are slurried with water and transported to ash holding ponds. 
Elements may be leached from the ash and enter the aquatic environment 
in run-off. The slurry water may be recycled rather than discharged. 
The small particles and vapours discharged to the atmosphere enter the 
terrestrial and aquatic environment by wet or dry deposition (9). 

Tables 2.18 and 2.19 show representative radium, thorium and uranium 
content of coal and fly ash. A range of values is to be expected, since 
the coal source, collector efficiency and coal preparation methods vary. 
Most coal presently burned in North America is U.S. eastern coal, which 
tends to have a high sulphur content and a low radioactivity content 
(typically 1-3 ppm for uranium, thorium and radium). The average ura- 
nium and radium content of some reserves of low sulphui- western coal is 
about 50 times higher than most eastern coals (7). Ontario Hydro uses 
about 99% of the coal burned in Ontario (13). This coal is mainly 
Appalachian in origin, 

Klein et al. (9) did a mass balance on trace elements, in a coal-fired 
power plant, and found three general classes of elements; 

(i) Some were cjuite concentrated in fly ash compared to the slag, 

and were more concentrated in the ash discharged through the 
stack (the smaller particles) than in that collected by the 
precipitator (larger fly ash). 



TABLE 2.18 (8) 

Analysis of Radioactivity in Coal Ash (Radium and Thorium) 
Concentration (pCi/q dry fly ash) 



Sample Ra-226 Ra-228 Th-228 Th-232 

Appalachian coal ash 

Utah coal ash 

Wyoming coal ash 

Japan coal ash 

Alabama coal ash 

TVA coal plants 

Coal ash (Australia) 

Coal fly ash 
Hartsville 

Coal fly ash 
Colbert, TVA 

Coal fly ash 
Widows Creek, TVA 



3,8 


2.4 


2.6 


- 


IJ 


0.8 


1.0 


- 


- 


X.3 


1.6 


- 


"!• 


1.5 


1.6 


- 


23 


2.2 


2.3 


- 


4.25 


2.85 


2.85 


2.85 


7.98 


- 


- 


- 


zs 


^.1 


- 


3.1 


a. it 


6.9 


1.6 


6.9 


1.6 


z^r 


2.8 


2.7 



Table 2.19 

Analysis of Radioactivity in Coal Ash (Uranium) 

Sample Uranium Content References 

Pennsylvania 1.55 ppm to 

Anthracite: Ash 2.65 ppm (H) 

Appalachian (U-238) 

subbituminous : 1.1 ppm (12) 

fly ash 

Southern Illinois 
and Western Kentucky: 

coal 2.18 ppm ( 9) 

slag 14.9 ppm ( 9) 

fly ash 30.1 ppm ( 9) (before precipitator) 



Table 2.20 (3) 
Radium~226 Activity of Coal and Ash 



Sample 




pCi/g ash 


EC 


i/g coal 


Coal A 




8.3 




1.3 


Coal B 




«.1 




0.8 


Coal C 




t.A 




0.9 


Ash A 
Ash B 
Ash C 


fly ash from 
precipitators 
and bottom ash 


9.3 






Stack Sc 


rapings 


iM'V:.® 




-■ 


Fly Ash 


- escapes precipitators 


14.0 




m^ 



Table 2.21 (14) 

Coal Consumption of Ontario Hydro in 1977 
(Appalachian - most from West Virginia and Ohio 
the Pittsburg Seam) 



Station 

Hearn 

Lakeview 

Lanibton 

Nanticoke 

Thunder Bay 

Total 



Tons coal burned 
0.175 X 10^ 
2.236 X 10^ 
2.9 X 10® 
3.07 X 10® 
0.202 X 10^ 
8.584 X 10® tons 



Table 2.22 



Ash Content of Coal 



Source 


Ash Content 


Reference 


Comments 


no origin given 


13% 






( 8) 




Western 
Kentucky 


11.4% 






( 9) 




Pennsylvania 


9.5 to 


12 


8% 


(11) 




Appalachian 


9% 






(12) 


Estimate o 



Average: 11% (average will be used since the reference for 
Appalachian coal is an estimate only) 
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(ii) Some showed little preferential partitioning between the slag 

and the collected or discharged fly ash. Thorium is m this 
group . 

(iii) A group showing intermediate behaviour between the first two 

groups. Uranium is in this group. 

Unfortunately, radium was not included in the mass balance. However, a 
study by Bayliss and Whaite (3) indicates that radium may tend to parti- 
tion into the fine fly ash that escapes up the stack as well. (See 
Table 2 20) In another study, Moore and Poet (10), found that coal-fired 
power plants contributed significantly to radium- 226 levels in the lower 
troposphere. 

It is difficult to estimate how significant these releases might be. 
Some authors claim that more radioactivity is released by coal-fired 
plants than bv nuclear reactors. {e.g. Emsenbud and Petrow (12)). 
Others say that nuclear reactors have more significant releases than 
coal plants (e.g. Martin and Harward (8)). 

AU authors admit that a comparison is difficult: "It is impossible to 
make a simple comparison of the effects of effluents from nuclear and 
fossil-fuel plants. Gas emissions from nuclear plants produce 'whole- 
body' exposure while radionuchdes in fly ash present hazards to speci- 
fic parts of the body. If the fly ash is insoluble, it lingers in the 
lungs; if it is soluble, it passes into the blood and settles into the 
bone tissues" (4) . 

Some authors tend to dismiss the radiological emissions of coal-fired 
power plants as insignificant when compared to other emissions from 
these plants. Whether or not this is a valid point is difficult to 
assess on the basis of available data. 

The situation is compHcated by the fact thai the ash (both fly and 

bottom) collected from the plant may be used as an aggregate, for use in 

such things as building blocks or road surfaces, rather than being 
buried in pits. 

Ontario Hydro burned approximately 8.6 million tons of Appalachian coal 
in 1977 (15). (See Table 2.21) No emission estimates were available 
from Ontario Hydro, but rough estimates can be made. From Table 2.18, 
the radionuclide content of Appalachian coal fly ash includes. 

Ra-226,228: 6.2 pCi/g ash 

Th-228,232: 26 pCi/g ash 

Assuming an average ash content of 11% (Table 2.22). Ontario Hydro 
operations release an estimated 5.3 Ci/y radium-226 and 228. and 2.2 
Ci/y thorium- 228 and 232. This radionuchde content is distributed 
between ash for solid waste disposal and particulate airborne emission. 
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Future estimated coal consumption by Ontario Hydro is: 

1978 - 9 million tons/year 
1982 - 13 . 5 million tons/year 

Beginning in 1979, there will be a shift to western bituminous coal from 
the foothills region in Alberta and British Columbia. This coal will be 
used primarily for blending purposes at Nanticoke (14). No information 
is available on radioactivity in this coal. 

According to Guimond (17), other radionuclides of potential interest in 
estimating the radiological significance of coal utilization are short- 
lived radon daughters, polonium-210 and lead-210. 
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2.5,2 



Emissions from Oil-Fired Power Plants 



The amount of radioactive material released by oil-burning power plants 
is almost undetectable (1). One analysis of radium and thorium content 
(2) showed levels in oil fly ash to be only 10% of the levels in coal 
fly ash (see Table 2.23). As such, oil-fired power plants are not 
thought to be significant sources of radioactivity. In addition, it is 
unlikely that oil will be an important fuel for electrical generation in 
the future. 



TABLE 2.23(3) 



Sample 



Venezuela petroleum ash 

Oil fly ash 
Turkey point 



Radioactivity in Oil 


Fly Ash 


Ha- 226 


Concentration 

(pCi/g dry fly ash) 

Ra-228 Th-Z28 Th-232 


1 0.21 
0.18 


0.49 0,67 

0.17 0,82 0.1 
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2.5.3 Fallout 

The term fallout refers to the injection of radioactive debris into the 
atmosphere and its subsequent deposition on the ground from large nu- 
clear explosions in the atmosphere for weapons testing, primarily during 
the years 1961, 1962. Continental testing in the United States also 
took place in the periods 1951-57, but these were mostly low yield 
nuclear devices. Additional atmospheric testing by France and China 
since 1962 has not greatly increased the resultant radiation exposure to 
man (1), For example, atmospheric testing from 1962 through 1970 added 
about 5% to the total strontium-90 produced previous to 1962. The long 
half-Uves of the fallout radionucHdes (e.g. 30.2 y for cesium-137) and 
their long-term deposition from the upper atmosphere are responsible for 
on-going population exposure even though atmosphere testing is now 
severely reduced. The present annual whole-body dose from global fall- 
out in the United States is estimated at 4.3 mrem/y (2). This is ex- 
pected to increase to about 4.9 mrera/y by the year 2000 (2). 

As is the case with natural radioactivity, radioactive faUout provides 
an external dose component from gamma emitters and an internal component 
from emitters taken up by the body. Table 2,24 gives the mean dose com- 
mitment in the United States. This is the total dose that will be 
received from these sources by individuals up to the year 2000. 

Cesium-137 is now the major source of external exposure although shorter- 
Uved radionuclides such as iodine- 131 may have contributed greater 
exposures, particularly during the continental tests. The external dose 
commitment from cesium-137 ground deposition has been estimated for the 
period 1950-1970 to be 134 mrads for the Northern Hemisphere (2). 

Internal exposure is mainly due to strontium-90 and cesium-137. Input 
of strontium-90 by milk ingestion is a well-known pathway to man which, 
in 1976, resulted in a bone marrow dose of about 3 mrem to residents of 
Canada' (3). Cesium-137 results in an estimated interiKil dose commitment 
of 19 mrads on a population-weight eil basis for the Northern Hemisphere 
(2). 

In addition to the above-mentioned fallout radionuclides, carbon-l4 and 
tritium (hydrogen-3) inventories were greatly increased over natural 
levels by weapons testing (by factors of approximately 2 and 300 res- 
pectively (1)). However, these radionuclides still result in much less 
radiation exposure than that from cesium-137 and strontium-90. Tritium 
decays with a half-life of 12.3 years and the carbon-14, like that pro- 
duced naturally, will eventually be transferred to the deep oceans where 
it will be relatively unavailable as a source of radiation exposure. 
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TABLE 2.24 (1) 

Mean Dose Commitments (mrad) in the 
United States from Nuclear Testing 
through 1970 



Mean Dose 
Commitment 



external 




internal 




Sr-90, 


marrow 




endosteal 


Cs-137 


, gonads 


Pu-239 


, lung 




bone 


1-131, 


thyroid 


Kr-85, 


skin 


H-3, gonads 


C-14, 


gonads 


Fe-55, 


gonads 




red blood cells 



m 



m 

IS 

z 

0.2 
unknown 

0.02 

2 
12 (a) 

1 

3 



(a) This is the dose commitment to the year 2000. The total 
dose commitment, to be delivered over many lifetimes, 
is 140 mrad. 
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2.5.4 Non- Uranium Mining 

The mining, milling and disposition of the wastes of non-uranium ores 
are only recently being investigated from an environmental radiation 
perspective . 

The mining of non-uranium ores in Ontario does not appear to be a pro- 
blem in this respect. For example, a survey conducted in non-uranium 
mines in Ontario by the Mines Accident Prevention Association of Ontario 
in 1970-72 and 1975-76 indicated that radioactivity is virtually non- 
existent. Values measured in mine exhausts range from nil to .28 WL, 
with most in the .01 to .03 WL range (1). This is low, in comparison 
with the present Canadian standard of an average 0.33 WL for the active 
working areas of the mines (5). 

The uranium and thorium content of phosphate ranges from about 5 to 267 
pCi per gram and 0.4 to 4 pCi per gram respectively. Uranium and tho- 
rium series isotopes may also be present. 

Phosphate mining and milling has proved to be a source of radioactivity 
in the U.S. Phosphate is not mined in Ontario. However, phosphate 
processing (wet or dry), products, effluents and wastes are of concern 
as sources of radioactivity in the environment. 

Phosphate fertiUzer is produced by a wet process, with gypsum as a by- 
product. This gypsum usually contains the bulk of the radium originally 
present in the phosphate rock. Most of the uranium and thorium origin- 
ally in the phosphate goes into the phosphoric acid product, which is 
used to produce fertilizer. Some radium is also retained in the ferti- 
lizer. Thus, fertilizer produced from phosphoric acid, may serve to 
slightly increase background radiation levels of naturally occurring 
radioactivity in agricultural products. 

Elemental phosphorus is produced in the dry or themial process. Almost 
all of radium is retained by a calcium sihcate slag which is a by- 
product of this process. 

Thus, it would appear that most of the radium that enters these two 
processes (wet and dry) ends up in the waste products: slag and gypsum. 
These products are used in making wallboard and building blocks, and, in 
some countries, as soil additives. 

No data is presently available for Ontario on any of these possible 
sources of radioactivity. 
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2.5.5 Transportation 

Transportation of radioactive substances by air, raU, and truck is a 
source of radiation exposure to the general population. This exposure 
is almost totaUy due to external gamma radiation, although the release 
of radioactivity as a result of accidents could possibly cause mternal 
exposure . 

The majority of the shipped packages of man-made radioactivity contain 
radiopharmaceuticals. For example, at Dorval Airport m Montreal, 
(through which much of the imported radiopharmaceuticals are shipped;, 
50 percent of all the shipments and 90 percent of all the radioactivity 
is molybdenum-99 (I). In the United States, three materials: molyb- 
denum-99, technetium-99m and iodine (1-123, -125 and -131) accounted for 
over 75 percent of the packages shipped in 1974 (2). The remaining 
shipments included other radiopharmaceuticals, indium- 192, research 
sources and spent fuel. 

The total annual population exposure resulting from normal transport of 
radioactive materials is considered to be very small. No Canadian 
estimates of such exposure are known but in the United States transpor- 
tation annuallsf results in about 9600 person-rem of exposure (2) or less 
than 5 x lO" rem/person. The largest fraction of this exposure (~ 70 
percent including 45 percent from molybdenum-99) results from shipment 
of medical-use radionuclides, with industrial shipments (~ 20 percent) 
and spent fuel shipments (~ 10 percent) making up the remammg portion. 
In Ontario, the spent fuel portion would be lower because at present 
spent fuel from commercial reactors is stored on site. 

The largest population exposure is considered to be from truck transpor- 
tation because of the long exposure times at low levels of the large 
numbers of people surrounding transport links. Individual exposures are 
generally only slightly above background (2). If averaged over the 
number of persons exposed, normal transportation results m some 0.5 
mrem/y in the United States compared to about 100 mrem/y of background 
radiation. Eichholz (3) outlines some methods of calculation of expo- 
sures from routine shipments . 

Estimates for the exposure from the transport of natural radionuclides 
(such as yellowcake from uranium mills, and uranium dioxide from the 
refinery to fuel fabrication to a CANDU reactor) have not been identi- 
fied in this study. 

As previously mentioned, transportation accidents could increase radia- 
tion exposure to the individuals involved. There is very little Cana- 
dian data to assess this potential hazard, although Ontario Hydro has 
estimated the dose resulting from a spill of tritiated water during 
transportation (4). Tritiated water is heavy-water that has become 
radioactive by its use in a reactor, in the United States, of the only 
300 accidents reported in the past 25 years (as of 1976), 30 percent 
involved release of radioactivity and all of these were from transporta- 
tion of medical and industrial radiochemicals (5). No deaths or percep- 
tible injuries were caused. To date, there have been no releases from 
spent fuel shipments in Canada or the United States (6). 
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2.6 Discussion 

As noted previously, naturally occurring sources of radiation exposure 
are by far the most significant contribution to the typical individuals' 
annual radiation dose. The next most important source of radiation 
expsoure is due to medical diagnosis or therapy. Man-made or man 
altered sources of radiation exposure account for a relatively small 
fraction of an individuals total annual population dose. 
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Introduction 

Within each sector of the nuclear fuel cycle, extensive precautions are 
taken to minimize the release of radionuclides through air and water 
pathways , and to contain solid radioactive wastes in a secure fashion . 
Air cleaning devices , and general approaches to the control of water- 
borne radionuclides in nuclear fuel cycle operations are discussed in 
this chapter. The following discussions consider those facilities which 
handle the largest inventories of radioactive substances; namely uranium 
mine/miU complexes, refineries, fuel fabrication facilities and CANDU 
nuclear reactors, all of which are present in Ontario. 

The radionuclides identified as being of primary interest in these 
various facilities are: 



Uranium mine/mill - Natural uranium, Radium-226 

Uranium refineries - Natural uranium 

Uranium fuel 

fabrication - Natural uranium 

CANDU reactors - Fission and activation products 

(especially iodine- 131, noble gases, 

and tritium) 
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3 . 1 Air Pol lution Control 

3.1.1 General 

Air cleaning devices remove contaminants from a gas stream and thus 
decrease the quantity of material that enters the receiving environment. 
Contaminants can be classed as either particulates or gases, and for 
each class there may be several control techniques with varying degrees 
of removal efficiency. In the following sections, the equipment com- 
monly used is described and the factors influencing selection are noted. 

In addition to conventional requirements for air cleaning equipment, 
applications involving radioactive emissions impose three further con- 
straints : 

(a) High efficiency is required due to the extremely low toler- 
ances for the amount and concentration of stack effluents, the 
valuable nature of the materials handled and in some instan- 
ces, the accountability of radioactive materials. 

(b) Low maintenance is of special importance. Low frequency of 
maintenance, and speed and ease of maintenance operations will 
reduce worker exposure. In some instances, low residual 
buildup of material in the air cleaning device is a factor 
since excessive buildup will increase radiation exposure and 
thus reduce allowable working time . 

(c) Efficient waste disposal is required due to the inability to 
dispose of appreciable amounts of radioactive materials either 
by air, water, or land. For example filters loaded with 
radioactive dust could require incineration to reduce the 
volume of material disposed in special burial grounds. The 
incineration in turn would rrquire a fume scrubber or wet 
collector which can result in a contaminated water effluent 
requiring further chemical irt'-dmrnt. 

With these factors involved, it is necess;)ry to select a dust collecting 
device which will yield required efficiency without causing too much 
difficulty in either maintaining the equipment or disposing the col- 
lected material. 

3.1.2 Particulate Removal Equi pment 

The following devices have been identified as applicable for particulate 
control in the nuclear fuel cycle: 

(a) Fabric Filtei-s (Baghouses) 

(b) Wet Collectors (Scrubbers) 

(c) Sintered Metal Filters 

(d) Absolute Filters 

The factors influencing the selection oi this t-quipment include concen- 
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tration and particle size of contaminant, degree of removal needed, 
characteristics of gas stream, characteristics of contaminant, method q( 
disposal, and cost. 

Fabric Filters (Baghouses) 

Fabric filters are high efficiency collectors capable of removing a wide 
size range of particles from a low velocity gas stream. The fabric 
filter acts in the same manner as a vacuum cleaner; however, dust laden 
air may be pulled or pushed through the filter material. The removal is 
accomplished through the buildup of a surface matte of material on the 
filter bag surface. As the layer increases the filter becomes more 
efficient. However, the pressure drop increases to the point where 
collection is decreased and cleaning is needed. Typical removal effi- 
ciencies are shown in Table 3.1. 

Bag cleaning can be achieved by means of mechanically shaking the bag 
support frames or by reverse flow (either by reversing the gas stream to 
be treated or by providing a flow of compressed air) . The reverse flow 
systems either inflate or coUapse the filter media, thereby dislodging 
the filter cake. 

The usual fabric is a specially woven cotton, although wool, paper, 
glass cloth and synthetic fabrics may be used in certain applications. 
In recent years glass cloth has come into wide use because of silicone 
treatment of the glass fibers and employment of reverse flow techniques 
for cleaning. Silicone treatment provides a lubricant between fibers 
and increases fabric Ufa. Glass cloth is generally used in reverse 
flow collectors for high temperature gas streams and special applica- 
tions where conventional fabrics are unsatisfactory , 

Fabric collectors are limited to air conditions dry enough to prevent 
condensation or free moisture deposition on the fabric. With hygro- 
scopic materials, there will be a bonding tendency between particles and 
fabric under high relative humidity even though no condensation takes 
place. Maximum recommended temperature for cotton fabric is 180°F, for 
wool 200**F. Higher temperatures can be handled by using synthetic 
materials including nylon or orlon fabrics as well as glass cloth and 
occasionally, fine metallic mesh. The synthetic fabrics may be used up 
to 275°F while glass cloth is acceptable to 550°F. Equipment cost is 
increased considerably with these special media. 

For some applications, two baghouses in series are provided. The second 
baghouse will have reduced efficiency due to low input dust loadings, 
however, baghouse maintenance can be performed while maintaining parti- 
culate removal efficiencies, and the second baghouse provides back-up in 
case of bag failure. 

Baghouses are widely used in the nuclear fuel cycle and find application 
in uranium mills, refineries, and fuel fabrication facilities. 
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Wet Collectors (Scr ubbers) 

Wet collectors are usually selected when: a) high temperature and 
moisture-laden gases prevent the use of fabric filters; b) water offers 
the more convenient method of disposal of collected material either due 
to plant facilities or to prevent creating a secondary dust hazard if 
collected material is handled dry; or c) when exhaust air contains 
corrosive gases or vapours requiring special materials of construction. 

Wet collectors are commercially available in many different designs, and 
show a wide range of performance. Efficiency is a function of total 
energy input per cfm whether the energy is supplied to the air or the 
water. This relationship applies only when the energy is expended in 
promoting the gas-liquid contacting process. Typical removal efficien- 
cies are shown in Table 3.1. By means of humidification , wet collectors 
have the ability to cool and reduce the volume of the gas stream leaving 
the collector. A number of configurations are available: 

Chamber or Spray 

Tower: Utilizes impaction of the dust particles on 

liquid droplets created by spray nozzles . 

These droplets are separated from the air 

stream by centrifugal force or impingement 

on water eliminators . 

Wet Centrifugal: UtUize centrifugal force to accelerate the 

dust particles for impingement upon a 
wetted collector surface . 

Wet Dynamic 

Precipitator: Utilize water sprays within a fan housing 

and obtain precipitation of the dust particles 
on the wetted surfaces of an impeller with 
special fan blade shape, 

Venturi: Utilize a venturi-shaped constriction to 

establish high gas velocities in the venturi 
throat. Water is supplied at or ahead of the 
throat of the venturi. 

Wet collectors for particulate removal find application at uranium 
mills, refineries and fuel fabrication facilities. 

Sintered Metal Filters 

Porous metal filters with up to 50% of their volume consisting of inter- 
connecting voids or pores are made by sintering pre-alloyed metal pow- 
ders of selected particle sizes in a controlied-atmosphere furnace. The 
powdered metal particles (e.g. stainless steel, inconel. monel, nickel, 
silver and high nickel/molybdenum alloys) fuse at their points of 
contact, resulting in a bond with a homogeneous crystalline structure. 
FOtei-s are available with absolute filtration ratings of 1.0 pm (dia- 
meter of the largest hard spherical particle that will pass through a 



TABLE 3.1 



Collection Efficiency of Particulate Control Equipment 
for Various Particulate Size Ranges (microns) (8) 



Efficiency, 



Collector type 


Overall 


0-5 


5-10 


10-20 


20-44 


>44 


Baghouse 


99.7 


99.5 


100 


100 


100 


100 


Spray tower 


94.5 


90 


96 


98 


100 


100 


Self-induced spray 














scrubber 


93.6 


85 


96 


98 


100 


100 


Disintegrator scrubber 


98.5 


93 


98 


99 


100 


100 


Venturi scrubber, 30-in 















pressure drop 99.5 99 99.5 100 100 100 

Wet impingement scrubber 97.9 96 98.5 99 100 100 
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Tiller under- sjxKnfiod lf;st conditions). iIow(;v(;r, because dusl parti- 
cles may impinge on surfaces as the gas passes through the filter, the 
removal rating is higher than the mean pore size. A filter with an 
absolute rating of I (jm has a nominal filtration rating (98% removal by 
weight) of 0.4 (jm diaimeter particles . 

Sintered metal filters can withstand much higher temperatures than 
fabric filters and thus are used at elevated temperatures (to 900°F) 
where high efficiency of removal is required. Metal filters can also 
offer improved corrosion resistance, and high pressure capabilities. 
Filter cleaning can be performed at predetermined pressure drops by 
backflushing the filters with high pressure air or inert gases. 

Sintered metal filters are an established control device in use at 
uranium refineries . 

Absolute Filters 

High Efficiency Particulate Air (HEP A) filters have been used for many 
years in the nuclear industry to effectively remove radioactive particu- 
lates from air streams. A modular HEPA fUter has a cross section of 2 
ft by 2 ft, a depth of 1 ft, and a capacity of about 1000 cfm (2). 
Filter modules are formed into banks to achieve the required filtration 
capacity. The filter medium is a pleated mat of woven fiberglass and 
consists of very fine (submicron) fibres in a matrix of larger (1-4 
micron) fibers. The fUter paper is extremely weak and fragile. By 
definition, a HEPA fUter is an expendable (single-use), extended- 
medium, dry filter having a minimum particle removal efficiency of no 
less than 99,97% for 0.3-micron particles (3). 

The following considerations apply to the design and normal operation of 
HEPA installations (4); 

11 A high efficiency for the filters can be ensured by installing them 
in such a manner that all of the gas to be treated passes through 
the filters . Continuous pressure drop measurements can indicate 
whether the filters are plugging or have been ruptured. 

fip HEPA filters are intended primarily for submicron particulate 
removal. Thus they have a low dust capacity and may plug rapidly. 
Consequently, HEPA filters must be preceded by high-efficiency 
dust collectors . 

MQ. Excessive moisture can impair the efficiency of the filter. It is 
mandatory to remove all entrained moisture or to heat the air to 
above the dew point. 

HEPA filters find application at fuel fabrication facilities , nuclear 
reactor off-gas management systems, certain research facilities (e.g. 
Chalk River Laboratory) and other specialized applications. 
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3.1.3 Gaseous Removal Equipment 

It is worth noting that in most instances in the nuclear fuel cycle 
except the nuclear reactor, control of airborne radioactivity is almost 
solely achieved by means of particulate removal. Absorption devices 
such as packed towers, tray towers (scrubbers), and venturi scrubbers 
are used to remove non- radiological chemically reactive gases at uranium 
refineries (NOx, HF). The only identified use of scrubbing devices for 
radiological gaseous emission control at front-end fuel cycle operations 
is the use of a KOH fume scrubber at refineries to control UFg gas 
discharge in the event of an emergency . 

In the front end of the fuel cycle, the principal gaseous radionuclide 
of concern is radon-222. Radon removal techniques are, however, only 
experimental. A number of gaseous radionuclides, principally iodine and 
noble gases are produced in a nuclear reactor. The nuclear reactor can 
also give rise to an airborne tritium discharge (as tritiated heavy 
water and hydrogen). Specific gaseous radionuclide removal techniques 
are briefly considered below. 

Radon Removal 

Several techniques have been studied to remove radon from ventilation 
air (5). These techniques include: 

- Ambient temperature two bed charcoal adsorption 

- Low temperature single bed charcoal adsorption 

- Molecular sieve adsorption 

- Cryogenic condensation 

- Chemical reaction with molecular sieves 

- Organic fluid absorption 

- Semi permeable membranes 

- Centrifuge 

Costs for these systems have been estimated for mine ventilation and 
range from $0,067/1000 scf for ambient charcoal adsorption to 
$1,700.00/1000 scf for centrifuge (U.S. dollars 1975) (5). The least 
expensive option, ambient charcoal adsorption, was sized for a radon 
retention time of 1 hour (99% removal), and thus the system would be 
cycled, returning >90% of the retained radon to a waste gas stream on 
purge These systems were studied for removal of radon gas in under- 
ground mines, and it was concluded that supplying additional ventilation 
was cheaper than radon removal with conventional ventilation. The study 
concluded that although the removal of radon from mine air is techni- 
cally feasible, it is very expensive, and probably will not be widely 
used in the near future (5). 

Activated Carbon Adsorbers 

Adsorbers remove contaminants by collection on a solid. No chemical 
reaction is involved as adsorption is a physical process where molecules 
of a gas adhere to surfaces of the solid adsorbent. Activated carbon or 
molecular sieves are popular adsorbents. 
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Activated carbon adsorbefs. tightly packed beds of carbon granules, are 
the most satisfactory devices available at present for trapping gases 
such as iodine- 131 in nuclear reactor ventilation systems. Activated 
carbon is produced from charcoal, and is activated by controlled heating 
in a steam atmosphere to drive off organic matter and generate largo 
internal surfaces for adsorption (700-1800 m2/g)(2). 

Important properties of a nuclear adsorption system include efficiency 
for trapping gases (radioiodine) , holding capacity or breakthrough 
capacity, desorption characteristics tretentivity) , air flow capacity 
and air flow resistance. Efficiency is a function of many parameters, 
however in general, the efficiency of nearly any good grade activated 
carbon will be at least 99% for elemental iodine under most operating 
conditions. Efficiencies are reduced somewhat when iodine loading in 
the gas stream is <0.01 mg/m^ (6). Holding capacity will decrease with 
time due to physical and chemical poisoning by trace impurities which 
occupy active sites. Desorption is not a significant problem at tem- 
peratures below 250'^F as long as the quantity of iodine held in the bed 
is less than the retentivity limit of the bed (typically 35-45% of the 
holding capacity). At room temperature, desorption of iodine from 
charcoal is about 0.001%. Other techniques which have found use for 
radioiodine removal include liquid scrubbers and silver based zeolite 
molecular sieves. 

Noble Gas Removal 

Several isotopes of the noble gases krypton and xenon occur by fission 
in the nuclear fuel. Their appearance in effluent streams results from 
fuel cladding failure. In addition, argon-41 can result from activation 
of air in the vicinity of the reactor core. In CANDl' reactor systems, 
radioactive noble gases are collected from three sources: fi-om the 
bleed condenser for degassing the heat transport coolant; from the gas 
collection system on the fuelling machine, and from the fuel transfer 
chamber (release during transport from the fueling machine to the spent 
fuel bay). 

The currently practiced method of routinely minimizing the discharge of 
noble gases to the environment or after an upset is by holdup for radio- 
active decay followed by controlled discharge. 

Ambient temperature charcoal adsorption is currently being used to delay 
noble gas releases from CANDU reactors. The adsorption process provides 
an appreciable holdup time for the radioactive noble gases, thus facili- 
tating decay to particulate daughters that should be retained in the 
charcoal element acting as a filter. For CANDU systems, a decontamina- 
tion factor of 40 based on xenon-133 can be achieved within a holdup 
time of 28 days. The design objective is to maintain atmospheric dis- 
charges of noble gases below 0.6% of the derived release limit (7). 

Other techniques which have been proposed for noble gas treatment 
include (6): 
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- selective adsorption using molecular sieves 

- low temperature activated carbon adsorption (improved efficiency at 
liquid N2 temperatures) 

- cryogenic distillation 

- fluorocarbon absorption 

- selective permeation 

- underground disposal in suitable geologic formations 

Several of these proposed techniques are designed to recover the noble 
gases as opposed to holdup decay. This is likely prompted by concern 
for release of the long-lived gas krypton-85 (half life 10.7 y) which is 
not removed with holdup decay treatment. The impact of global increases 
of krypton-85 is a subject of current concern and debate in the 
U.S. A. (6). 

Heavy Water Vapour Recovery Systems 

Systems are incorporated in CANDU reactors to minimize the loss or 
downgrading of heavy water which escapes from the heat transport and 
moderator systems. Vapour recovery systems maintain a dry atmosphere in 
areas subject to D2O leakage by means of adsorption driers. 

D2O vapour recovered in these adsorption systems is in turn recovered by 
reactivation condensers. The recovered D2O is segregated according to 
degree of downgrading and tritium activity and then forwarded to heavy 
water cleanup and upgrading systems prior to recycle. 

Heavy water is also recovered from effluent streams directed to the off- 
gas management system by means of glycol condenser/separators and freon 
refrigeration systems prior to iodine/noble gas treatment. In the case 
of the gas stream from the bleed condenser, the treated stream consists 
primarily of deuterium gas and thus is not vented, but rather recycled 
via a deuterium addition system. 
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3.2 Water Pollution Control 

The control of waterborne radioactive emissions is highly integrated to 
internal process recycle steps. By recycling process streams, and using 
effluents in place of fresh water for such operations as chemical make- 
up, losses of residual levels of radionuclides can be minimized. Tech- 
niques employed in various operations in the fuel cycle are briefly 
discussed in this section. 

3.2.1 Uranium Mine/Mill 

Water used in the mine for dust control and cleanup becomes acidic as it 
passes through the mine workings, leaching uranium and other consti- 
tuents from the ore. Mill practice dictates that mine water be used 
pi'eferentially for process water makeup, thereby ensuring effective 
recovery of its uranium content. Within the mill, steps are taken to 
promote virtually complete recycle of the water used to carry the ura- 
nium from ion exchange to yellowcake precipitation , and to utilize 
portions of the barren leaching liquor for tailings separation. The 
tailings discharge is the prime water discharge point. Prior to dis- 
posal, this tailings slurry is neutralized to inhibit bacterial acid 
generation, and precipitate heavy metals including the radionuclides of 
thorium and lead. It is worth noting that both uranium and thorium can 
be precipitated quite effectively by means of pH control. In fact, this 
property forms the basis of uranium recovery. Finally, the water ef- 
fluent from the tailings basin is treated for radium removal. 

Dissolved radium removal from uranium mill tailing pond effluent is 
accomplished with the addition of barium chloride. The barium combines 
with sulphate which is present in the effluent (from sulphuric acid 
leaching in the mill circuit) to form barium sulphate which then preci- 
pitates out of solution. Since radium has chemical properties similar 
to those of barium, a co-precipitation results. The barium-radium sul- 
phate precipitate is initially formed as a fine colloid which upon aging 
aggregates to form larger crystals. Thus settling basins are provided 
with sufficient retention time to promote floe formation and improved 
settling. The efficiency of the process is influenced by barium chlo- 
ride addition rates (typically 10-25 mg/1) , degree of mixing (to a 
moderate degree for effective chemical mixing and floe growth), and 
retention time. Chemical flocculant can also be added where necessary 
to accelerate settling. 

This treatment technique has been used to successfully remove over 99% 
of the dissolved radium from effluents. 

The long-term control of radionuclide discharge from post-operational 
tailings ponds is a subject of current investigation. 

3.2.2 Uranium Refinery/Fuel Fabricatio n 

Substantial amounts of water recycle, coupled with a uranium recovery 
system (via pH control), and provisions for neutralization of process 
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waste water streams effectively control water-borne uranium losses. In 
fuel fabrication, process water requirements are not substantial, and 
control of uranium losses is achieved by the removal of insoluble UO2 by 
means of settling/centrifuge. Neither refining or fuel fabrication 
generate significant water-borne radionuclide releases. 

3,2.3 Nuc lear Reac t or 

Control of water-borne tritium losses is highly integrated to the con- 
trol of heavy water loss. The general liquid waste processing system 
for CANDU reactors is briefly described below. 

CAN DU Liquid Waste Processing System 

Due to the economic penalty associated with the loss of heavy water, a 
great deal of effort is spent in all stages of design and operation to 
incorporate heavy water recovery and I'ecycle systems into the normal 
operating cycle. Both moderator and heat transport system heavy water 
inventories are purified by ion exchange cleanup systems to maintain D2O 
purity, adjust levels of soluble poisons, and limit the buildup of 
corrosion products thereby minimizing activation of these impurities 
such as cobalt-60. The design level of impurity concentration is less 
than 1 mg/1. Disposable paper filters are also incorporated to remove 
insoluble impurities. 

The D2O management system is provided to recover and upgrade heavy 
water collected from the vapour recovery system (adsorption) and liquid 
recovery system (spills and leaks from moderator and heat transport sys- 
tems). The collected material is purified to remove most impurities 
except light water. Charcoal filters remove organic impurities, and ion 
exchange columns remove lithium, boron, iron, nitrate, other corrosion 
products and fission products such as cesium and the radioiodines . 
Cleanup is followed by D2O upgrading by means of packed column distilla- 
tion. The input is an average 62% D2O producing a bottom stream of 
reactor grade (99.8%) D2O and an overhead stream with <2% DgO. 

Finally, an active waste management system is provided to handle Liquid 
waste streams such as D2O upgrading overhead, laundry and decontamina- 
tion wastes, laboratory rinse and reactor/service building floor drains. 
These wastes are collected, analysed and finally released in a con- 
trolled fashion to the condenser cooling water in such a manner to 
maintain levels below 1% DRL (1) . Pi'ovisions can also be made to treat 
active wastes, if warranted, prior to release - e.g. final ion exchange 
polishing of the more active waste streams. 
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Introduction 

The ubiquitous nature of radioactivity has caused concern about the 
amounts of the various radionuclides that may result in radiation expo- 
sure to man either directly by irradiation from environmental contamina- 
tion (external and inhalation) or indirectly through biological pathways 
(eg. food chains). 

Until large-scale nuclear weapons testing was started in the early 
1950's the potential problem of environmental contamination with radio- 
nuclides was not widely recognized (1). Initially, radionuclide conta- 
minants originating from the fallout of weapons testing were generally 
regarded as insoluble and biologically unavailable. For example, early 
reports in the mid 1950's which suggested that radionuclides might reach 
man through milk (2,3) were received with some skepticism. However, 
many aspects of the entry of environmental contaminants into the biota. 
especially their flow into and through food chains have received consi- 
derable attention since that time. 

Radionuclides often become dispersed and diluted upon release into the 
environment. The concentrations resulting from envii^onmental "mixing" 
are usually very low and hence of little concern. However, radio- 
nuclides may accumulate in water, soils, or sediments and may also be 
"magnified" or concentrated in the tissues of living organisms. Nature 
can, therefore, receive an innocuous amount of radionuclide and in some 
circumstances, give it back to man in a potentially significant package 
(4). In fact, we now recognize that a major contribution of radiation 
exposure received by the world's population has come from radionuchde- 
contaminated food, mainly agricultural crops but also from aquatic 
organisms (1,3) . 

Many radionuclides are omitted in this discussion because of their 
extremely low abundance and occurrence. The radionuchdes considered to 
be of importance in this study are listed under the following three 
headings which represent the source of the nuclides: 

(i) Natural or primordial radionuclides: 

uranium-238 
thorium- 234 
thorium- 230 
radium-226 
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radon- 222 
lead-210 
potassium-40 
carbon-14 

(ii) Weapons testing: 

strontium-90 

cesium-137 

tritium 

(iii) Reactors: 

Major Importance 

tritium 

iodine- 131 

strontium- 89 

strontium-90 

cesium-134 

cesium-137 

cobalt-60 



L ess er Impo rtance 

cerium -144 
iron -59 
barium-140 
ruthenium-106 
zirconium- 95 
krypton-85 
plutonium-239 
americium-241 



E xposur e Pathways 

The aquatic, atmospheric and terrestrial environments are potential 
pathways of radionuclide exposure to man. 

If plants and animals are to be of any significance in the passage of 
radioisotopes to man through food chains in the environment, they must 
accumulate the radionuclide, retain it and be eaten and digested by 
other organisms (5). 

Radionuclides may be passed through several stages (trophic levels) of a 
food-web, and concentrations can either increase or decrease between 
trophic levels. This depends on the particular radionuclide and 
organism. Organisms differ in metabolism and as such have varying 
degrees of nuclide contamination and different retention times. 

The concentration of a radioelement by an organism is usually discussed 
in terms of a concentration factor. This factor refers to the ratio of 
radionuclide levels in the organism to enviionment levels. In general, 
the concentration of radionuclides reache:-; higher levels in the lower 
plant and animal forms, such as bacteria, piotozoa, and phytoplankton 
than in higher forms such as vertebrates and vascular plants (.6). 

The flow of the radionuclides, listsd above, in the aquatic, atmospheric 
and terresti-ial environments are discussed below. 
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4.1 Aquatic Environment 

i) Introduction 

A number of exposure pathways to man involving the aquatic transport of 
radionucUdes can be postulated. For surface water ecsy stems, the 
principle exposure pathways, generaUy in order of decreasing importance 
include (92): 

Aqueous Discharge-Waterway-Drinking Water Supply-Man 

Aqueous Discharge-Waterway- Seafood/Fish-Man 

Aqueous Discharge-Waterway- Aquatic Plants-Animals-Man 

Aqueous Discharge-Waterway-External Exposure 

Aqueous Discharge-Waterway-Sediments-External Exposure 

Other pathways could include the deposition of radionuclides from atmos- 
pheric and terrestrial sources to surface water bodies, and the migra- 
tion of radionuclides via groundwater. 

In general, these pathways can be divided into two major groupings: 
those involving direct population exposure (via external whole body 
exposure or via ingestion in drinking water), or those involving the 
food chain. In order to quantify exposure from direct pathways, the 
concentration of specific radionuclides in water at various points in 
the water body must be determined. 

1| Aquatic Transport Mechanisms 

For surface water bodies, the dispersion of radionuclides depends oil 
physical mixing, which in turn is a function of such factors as the 
depth of water, type of bottom, shoreline configuration, wind, the 
direction and speed of currents, the temperature, depth and initial 
mixing achieved when the discharge is introduced to the waterbody. Each 
surface water body has its own mixing characteristics. Problems in 
determining the mixing characteristics in the aquatic environment are 
further complicated by other physical and biological processes. For 
example, if a pollutant is introduced as a suspended solid it can settle 
to the bottom, be fUtered by certain organisms, or become attached to 
plant surfaces. Pollutants in solution can be adsorbed on suspended 
organic and inorganic sohds or can be assimilated by plants and animals 
(93). 

Bottom sediments often act as a sink for pollution, but they may also 
become a source under certain conditions (93). The ability of suspended 
and bottom sediments to absorb and adsorb radionuclides from solution, 
thereby concentrating otherwise dilute ion species, may in some circum- 
stances create a significant pathway to man (91). 

Subsurface movement of radionuclides, through the soQ to subsurface 
aquifers, and subsequent transport by groundwater tends to occur at a 
very slow rate (94). 



4-4 



iii) A(|uatic Biologi cal Me cha nisms 

Surface and groundwatcfs can acquire radioarlivity from fallout, natural 
mineral deposits, liquid effluents from nuclear fuel cycle activities, 
and from the leaching and surface runoff from waste management areas 
associated with these fuel cycle ai^tivities. Jn addition to direct 
exposure pathways to man, dispersed radionuclides in water can enter the 
aquatic biological ecosystem. A very brief description of this ecosys- 
tem is abstracted from Eisenbud (93, Page 152) in the following four 
paragraphs ■ 

"In an aquatic ecosystem, the sufiply of basic compounds such as 
carbon diijxide and of elements such as oxygen, calcium, hydrogen, 
and nitrogen is contained either in solution or is held in reserve 
in the bottom sediments. These nutrients are absorbed and metabo- 
lized through the utilization of solar energy by two main types of 
food-producing organisms: rooted or large floating plants and 
minute floating plants (-ailed phytoplankton. Since food j:)roduction 
by the higher plant forms is limited to relatively shallow water, 
it is the phytoplankton that have the main responsibility for 
converting the mineral resources of the aquatic environment into 
food for the higher organisms. 

The phytoplankton serve as food for the smaller zooplankton, which, 
in turn, serve as the basic nourishment of several higher trophic 
levels. The phytoplankton also serve as food for certain filter- 
feeding fish and bottom-dwelling animals. Sedimentation of the 
excrement of aquatic animals and the action of organisms which 
decompose dead plants and animals eventually complete the cycle by 
returning the nutrient elements to abiotic forms in which they 
again become available to the phytoplankton." 

Aquatic organisms also sequester trace elements to varying degrees, and 
this phenomenon must be taken into consideration when any decision is 
made as to the rate at which any given radionuclide can be released to 
any body of water. In fresh water, where mineral constituents are 
usually present in very much lower concentrations than in sea water, the 
concentration factors (ratio of the concentration of an element in an 
organism to the concentration in the water) tend to be higher than in 
the oceans (93) . 

"The sediments play a predominant role in aquatic radioecology by 
serving as a repository for radioactive substances which they pass 
by way of the bottom-feeding biota to the higher trophic levels. 
Pollution introduced into a body of water reaches the bottom sedi- 
ment primarily by adsorption on suspended solids that later deposit 
on the bottom. The deposited remains of biota that have absorbed 
or adsorbed pollutants may also be an important source." (93, Page 
157) 

The physical, chemical and physiological behaviour of radioisotopes in 
the aquatic environment is e.ssenlially identical with that of the stable 
isotopes of the same element (5), Thus, if the behaviour of a particu- 
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lar element in an ecosystem is known, the attendant behaviour of the 
various radioisotopes of the same element can be predicted. 

Members of the thorium and uranium series occur in natural waters (8,7). 
The principal long-lived nuclide of concern is radium- 226 although 
thorium-232 and uranium-238 may also be present in measurable amounts 
(89). Potassium-40 and carbon- 14 have also been measured in natural 
waters and their biota. Natural potassium contains 0.012% potassium-40 
(9). In sea water, potassium-40 is the dominant source of radioactivity 
whereas it is a minor contributor in fresh water because of its low 
concentration (10). 

Mawson et al. (U) reported that the effluents of a reactor with an open 
cycle cooling system contained strontium-89 and 90, cesium-137, cerium- 
144, ruthenium-106 and uranium-238. The nuclides zinc-65, lead-210, 
iodine-131, tritium, cobalt-60, 2irconium-95 , cerium-141 and 144 have 
also been observed in the aquatic environment (12, 13, 14, 15, 16, 17, 
18, 19, 20). In brief, the principle liquid effluents of interest are 
tritium, iodine-131, cesium-137, cesium-134, strontium-90, strontium-89 
and cobalt-60 (21). The most important atmospheric discharges (and 
hence potential faUout to surface water) from a CANDU reactor include 
iodine-131, strontium-89, strontium-90, cesium-137, cesium-134, cobalt- 
60 and tritium (21). 

In this section, the literature on the uptake of several radionuclides 
into the aquatic food chain is introduced. The various radionuclides 
are segregated into two groups: natural and man-made sources. 

Natural Radionuclides 

The nuclides thorium-232 and uranium-238 appear to pose few problems as 
environmental contaminants. The concentration of uranium in natural 
waters is generally very low (22). Thorium is generally found in low 
concentrations in water as it is readily precipitated and is relatively 
immobile in biological systems (8,23). The bio-accumulation coeffi- 
cients or concentration factor of uranium in Living organisms show a 
gradual decrease in the food chain; algae - animal benthos - fish (25). 
Kovalsky et al. , (25), observed that the least amount of uranium is 
accumulated by the organs and tissues of predatory fish such as trout as 
compared with vegetable-eating fish, like carp, which displayed the 
greatest amount. They surmised that differences in the accumulation of 
uranium by different fish species depends on their individual food 
chains. Uranium entering the fish accumulates mainly in the supporting 
and covering tissues, scales, bones, fins and skin. Uranium is incor- 
porated into the elementary bone composition of fish mainly as ions 
replacing calcium in the bone apatite. 

Radium- 226 is a decay product of uranium-238 and may assume a position 
of importance where high concentrations occur (I). Fresh water usually 
contains less than 0.1 pCi/l radium-226 but levels up to 730 pCi/l have 
been reported (8). Water sediments and aquatic plants display elevated 
radium-226 content in streams contaminated with this isotope (26,1). 
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Lead-210 is a decay product of radon-222 which in turn is a decay pro- 
duct of radium-226. A certain fraction of the radon-222 escapes from 
solid matrices into the atmosphere where U decays to form lead-210 
which can gradually return to the biota as natural fallout (27). 
Limited data are available on the movements of radioactive lead through 
the aquatic environment, Magno et al., (28) and Hill (29) have stated 
that water containing lead-210 makes an insignificant contribution to 
the total amount of background radiation exposure in the United States. 

Man-M ade Radionuclides 

Rutheniuni-106 can be found in reactoi- effhients. Irrigation may be an 
important process in the recycling of ruthenium-106 thr'ough the biota 
because of the nuclide's high water solubility. In furrow irrigation, 
plants could be contaminated by ruthenium-106 via the soil through 
sprinkle irrigation. There is the additional direct contamination 
from the wetting of foliage. 

In marine ecosystems, algae are believed to be able to accumulate 
ruthenium-106 and growing populations of algae are believed capable of 
concentrating considerable amounts of ruthenium-106 from the environment 
(30,31). The movement of ruthenium-106 seems to be basically through 
the aquatic environment because of its high water solubility. The 
nuclide is accumulated by marine algae and probably by fresh water forms 
as well. 

Cobalt-60 is a common radionuclide contaminant in nuclear reactor sys- 
tems. Because of its long half-life, measurable amounts of the isotope 
can be found in receiving waters (32). Cobalt is an essential element 
for many organisms and as such is physiologically accumulated. For 
example, at least one marine animal and a number of fresh water plants 
and fish species have displayed high concentrations of the nuclide 
(32,33). 

Nuclear weapons testing and reactor wastes have also released tritium 
into the aquatic environment. Tritium is one of the least toxic 
nuclides but its relatively long half-life of 12.3 y ensures that it 
will accumulate in the environment (I). Tritium closely follows the 
movement of hydrogen in biological systems; so, once released, it 
rapidly enters all living material. Tritium is not considered to be a 
serious problem when taken up by an animal because the biological half- 
life is short. For example, in cats, it was shown to be only 15-45 days 
(34). 

Iodine-131 may present a hazard to man ;ind the aquatic biota in the 
event of a release. The nuclide has a high fission yield, volatility, 
biological availability, rapid passage through biological systems, and 
concentrates in a small mass of tissue (1). According to Garner (1), 
iodine-131 (half-life of 8 days) is a good example of a group of short- 
lived radionuclides which are important only if they enter animal or man 
soon after their release to the biota. For the first few hours after a 
release inhalation will be the only exposure route of significance. 
After a period of time, however, and in areas further from the point of 
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release, ingestion will be a factor. In this general scheme, water is a 
minor contributor. 

Fallout from weapons testing and reactor wastes include radioisotopes of 
strontium and cesium. Radioactive strontium and cesium when introduced 
into the aquatic environment are concentrated by plants and animals 
(35,36,37). 

Strontium-90 can enter bodies of water directly by fallout or by runoff 
and erosion from areas contaminated with the radionuclide. The isotope 
is deposited in the sediments of streams and reservoirs (35,1,27). 
Strontium has the capacity to exchange for calcium and this, in effect, 
is the basis for the phenomenon of strontium-90 accumulation in plants 
and animals. The degree of accumulation is dependent upon the species 
of organism. Ophel and Eraser (32) have shown that certain plant types 
can discriminate between strontium-90 and calcium. Some species of 
marine seaweed discriminate strongly against calcium and concentrate 
strontium whUe, generally, biological organisms utilize strontium less 
effectively than calcium. 

Fresh water fish accumulate strontium-90 partly from the ingestion of 
contaminated food but largely from direct absorption from the water 
(38,39). Lebedeva (40) has also shown that strontium-89, a radionuclide 
waste from reactors, is concentrated by fish in a similar fashion. Man 
may, therefore, be exposed to strontium-89 and 90 by consumption of 
contaminated fish and by ingestion of strontium-laden water. 

Cesium-137, unlike most radioelements , is more concentrated in the 
higher levels of food chains. For example, ninefold increases of 
cesium-137 have been reported through the plant-mule/deer-cougar chain, 
fourfold increases have been reported in the lichen -caribou -wolf chain 
and a threefold increase in the concentration in humans compared with 
that in their food (37,42,43). Cesium-137 is rapidly concentrated by 
aquatic plants and animals. It appears that a balance is attained 
within two weeks (44,90,45). 

Radioactive cesium introduced into a reservoir is rapidly taken up by 
bottom sediments. Aquatic plants growing on cesium-137 contaminated 
sediments accumulate the radionuclide. Wlodek (46) also observed that 
the amount of cesium-137 bound to plants and the stability with which it 
is bound varies. 

Cesium-137 has a relatively long half-life in several fish species and 
thus is accumulated (47,36). Kolehmainen et al. (47) observed that an 
increase in cesium-137 concentration factors occurred in the fauna of 
relatively clear oligotrophic lakes , This was related to the reduced 
current of particulate matter in these lakes compared with eutrophic 
lakes . 

The radionuclide zinc-65 has been observed in the aquatic environment. 
Zinc-65 is vertically transported through ocean depths primarily through 
the sinking of fecal pellets from fish in the upper waters (14). A 
similar mode of transport might exist in fresh water lakes although the 
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nuclide is likely more apt to be evenly distributed in much smaUer 
volumes of water. Zinc is an essential element for many organisms and 
is, therefore, metabolically incorporated. Zinc-65 accumulates in the 
tissues of a gastropod which comprises a substantial portion of the 
sunfish's diet (48). Thus zinc-65 is transported through an aquatic 
food chain and may reach man through the consumption of zinc-65 laden 
fish. Zinc-65 is also concentrated in other aquatic animals as well as 
water plants (44,31). Concentration factors for 2inc-65 in marine 
organisms are of the order of thousands of units, reaching tens of 
thousands for some molluscs (mussels and oysters), but for sponges, 
worms and a number of echinoderms they are only tens or even units . In 
comparison, the concentration factors for zinc-65 in fresh water orga- 
nisms appear to be tens or hundreds of units. The concentration factors 
are also related to the concentration of calcium in the water. High 
levels of zinc-65 in food organisms in the aquatic environment may pose 
a potential threat to man. 
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4. Z Atmospheric and Terrestrial Environments 

Introduction 

The airborne transport of radioactivity can give rise to a number of 
pathways which ultimately affect man. A number of the more important 
pathways in general order of significance are listed below (92): 

Atmospheric Discharge-Whole body external exposure 
Atmospheric Discharge- Inhalation exposure 
Atmospheric Discharge-Deposition on grass- Cattle-Milk-Man 
Atmospheric Discharge-Deposition on leafy vegetables-Man 
Atmospheric Discharge-Deposition on grass-Cattle-Beef-Man 
Atmospheric Discharge-Deposition on soil- Plants-Man 

Other food stuff-related transport mechanisms can be postulated, and the 
inter- relation ship between the atmospheric discharge and the aquatic 
environment could be considered. Pathways in the atmospheric/ 
terrestrial environment are inter-related to aquatic pathways by three 
principal modes: Direct atmospheric deposition on surface waters, 
transport of ground-deposited radionuclides to surface waters via run- 
off, and the selective movement of certain radionuclides through soil 
and groundwater. However, the examples hsted above likely represent 
the principal transport mechanisms for most situations. 

In order to quantify these transport mechanisms, one must initially 
define the source characteristics and then through atmospheric disper- 
sion modelling, estimate the suspended and deposited concentrations of 
the various radionuclides as a function of time and space. These 
aspects are briefly considered below. 

IJQ; Atmospheric T ransport 

The dispersive power of the atmosphere directly affects the dilution of 
emissions released into it. The greater the dispersive power, the lower 
the contaminant concentrations downwind from a source. The important 
factors in dispersion include: 

C»| wind speed 

(b) turbulence, atmospheric stability 

(c) mixing depth 

(d) terrain effects 

Im} local micrometeorlogical effects. 

The wind speed acts directly to reduce concentration as the emission 
leaves the stack by providing separation between particles or gas mole- 
cules as they are released. 

The turbulence of the wind acts to mix a pollutant with ambient air from 
the surroundings. As a plume moves downwind (at the speed of the mean 
wind) it expands at the edges through the action of small turbulent 
eddies that mix surrounding air into the plume. Much larger eddies move 
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the entire plume about in space. The combination of the foregoing eddy 
effects produces the expansion and meandering that is usually evident 
when the atmosphere is turbulent and thus unstable to some degree. When 
the atmosphere is stably stratified, large vertical motions are suppres- 
sed. The plume expands slowly in response to the low level of turbu- 
lence and small scale eddies. In such situations, atmospheric concen- 
trations remain higher than for unstable, turbulent atmospheric 
conditions . 

The foregoing discussion assumes that the plume spreads in an unres- 
trained way in both vertical and horizontal directions. This unlimited 
situation is not always encountered, rather transitions from stable to 
unstable or neutral stability may result in elevated surface concentra- 
tions for short periods of time. With transition to stable conditions 
aloft, trapping occurs and the plume then is restrained in its ability 
to disperse upward. The layer of air and. therefore, the amount of air 
available for dilution is reduced leading to higher concentrations 
than for unrestrained turbulent dispersion. 

Irregular natural terrain can constrain, trap, or alter flow patterns 
producing higher concentrations than found for flat terrain. Micro- 
meteorological behaviour at land and water boundaries can result in a 
trapping-type localized circulation known as sea-breeze or lake breeze. 

In order to determine downwind groundlevel airborne concentrations of 
radionuclides from known or estimated source terms, conventional disper- 
sion modelling techniques are used. Since these modelling techniques to 
determine airborne concentration as a function of space and time are 
weU known (eg. see references 95, 96, 97, 98, 99, 100). they are not 
reviewed in the chapter. It should be noted, however, that the trans- 
port of airborne radionuchdes is not inherently different from the 
transport of conventional pollutants except where radioactive decay must 
be considered. In general, this involves modifying the source term (Q) 
in the conventional dispersion equation to Qexp (-■^t) where A is the 
decay constant of the radioisotope of interest (sec ') and t (sec) is 
the transit time from the stack to the position of interest (x). Alter- 
natively, this can be expressed in terms of average wind speed u and 
downwind distance (x) as; Qexp (-A x/u). 

Predicted groundlevel airborne concentrations of specific radionuchdes 
at specific spatial coordinates can be used directly to estimate radia- 
tion doses to individuals either from immersion tn a radioactive plume 
or via the inhalation/transpiration modes. Similarly, these airborne 
concentrations can be used to estimate the quantity of the radionuclides 
deposited on the ground surface. The principal deposition mechanisms 
include: 

gravitational settling 

dry deposition (deposition via attachment of radionuclides on 

suspended dust particles by surface impaction, electrostatic 

attraction and chemical reaction) and 

precipitation scavenging (rainoul, snowout, and washout) 
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Deposition of radionuclides on the ground potentially gives rise to 
whole body external exposure, and exposure via food pathways. 

liyij Terrestrial Transport Mechanis ms 

As indicated in the previous section, the atmospheric/terrestrial path- 
way can lead to direct exposure to an individual by whole body external 
exposure from airborne radionuclides, from deposited radio- 
nuclides, and by inhalation exposure. Radionuclides deposited in the 
terrestrial environment also give rise to a number of indirect exposure 
pathways resulting from selective adsorption or deposition of these 
radionuclides on foliage and from the movement and reconcentration of 
certain elements through the food chain. 

The terrestrial biota receive radionuclide contamination primarily 
through fallout and precipitation. These contaminants enter soils and 
are accumulated by terrestrial vegetation, which, when consumed directly 
by man or through man's ingestion of contaminated organisms may pose a 
potential hazard to the human population. 

The aquatic pathways for radionuclide exposure to man have been 
discussed in section 4.2. As previously stated, these aquatic pathways 
may contribute radionuclides to the terrestrial environment through 
irrigation and foUage wetting. 

Radionuclides present in the atmosphere are generally in particulate 
form. The amount of a radionuclide deposited on a particular plant is, 
obviously, related to the surface area of the plant and its structure 
since rough leaves will retain more fallout particles than smooth ones . 

Soils may act as a sink in which an individual radionuclide may be 
stored. In the soil, there may only be a slight chance of the radio- 
nuclide entering the biota. However, the soil may also act as a reser- 
voir from which plants and animals can be exposed to the radionuclide 
for long periods after the initial soil contamination (27). The above 
phenomena are dependent on the chemical behaviour of the radionuclides 
in the soils. Like radioisotopes in the aquatic environment, chemical 
behaviour in the terrestrial biota will be essentially identical with 
that of a radionuclide's stable isotopeiS. 

In this section, the literature on the uptake of selected radionuclides 
into the terrestrial food chain is briefly discussed. Considering the 
complex ecological relationships between plants, animals and man, there 
is clearly a large number of pathways leading from trace concentrations 
of radionuclides in air to their appearance in the diet of man and 
animals. The relative importance of some of these relations will vary 
with geography and dietary habits. 

Radionuclides selected for review are segregated into two groups: 

Natural radionuclides: uranium-238, radium-226, thorium-232, 

lead-210. potassium-40, tritium, and 
carbon- 14 
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Man-made radionuclides: strontium-90 , cesium-137, and iodine-131 

Natural Radionuclides 

The degree of uptake by plants of uranium-238, radium-226 and thorium- 
232 from the soil varies with plant species and radioelement content of 
the soil (49,50). 

Uptake of uranium-238 by plants depends on several factors including 
plant species and the availabiUty of uranium-238 in the soil. For 
example, uranium in a water-soluble quadravalent state (such as UO2) can 
be carried away by leaching waters (51). Thorium-232 is strongly 
adsorbed on soil materials unlike uranium-238. Radium-226 levels are 
greater in more organic, and alkaline soils. 

Uramum-238 has been observed in the tissues of pigs, poultry and in 
milk presumably as a result of the consumption of uranium-238 contam- 
inated plants. Most of the uranium-238 ingested by animals is found in 
the bones, wool and skin (25). In one study (52) of all the animal 
products tested, milk had the smallest concentration of uranium-238. 
The major dietary sources of uranium-238 exposure to man in the United 
States were, as follows (in decreasing order of importance): potatoes, 
bakery products, whole grain products and meat. Fruit also comprised a 
significant source (22) while the uranium-238 in water was a negligible 
contributor. It should also be noted that other isotopes of uranium 
will likely act in a similar fashion to uranium-238. 

Radium-226 is absorbed from soil and uptake by plants is highest from 
acid soils. Once in the plant tissue, it does not appear to be readily 
mobile (53). Radium-226 can reach man through the cow-milk-man chain 
and it is estimated that approximately 0.02% of the radium-226 in a 
cow's diet can be expected to be transferred to each litre of milk (54). 
Garner (I) indicates that no particular food element appears to predom- 
inate in the transfer of radium-226 to man although in most countries 
the major contribution came from eggs, root vegetables, fresh vegetables 
and fruit. 

Thorium-232 is also accumulated by plants The amount of thorium-232 in 
plant tissues is subject to considerable fluctuation but the pattern of 
distribution within a given plant parallels the patterns of uranium-238 
and radium-226 (53). In order of amount of uptake, radium-226 is the 
greatest followed by uranium-238 and thorium-232. Thorium-232 may reach 
man through the consumption of contaminated plants and by the ingestion 
of animal tissues and animal products. The radioactive thorium-232 has 
accumulated in these animals through their consumption of thorium-232 
contaminated plants. 

Lead-210 is a decay product of radon-222. It is estimated that in the 
United States air contributes about 25% of the total lead- 210 intake 
(29) while water makes a negligible contribution (28,29), Plants are 
considered to be the major source, and their contamination is primarily 
through aerial deposition (55). 
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As an example of a pathway to man, lichen is an efficient accumulator of 
lead-210 (56). This plant comprises a signficant portion of the diet of 
reindeer and elk. Most of the consumed lead-210 is deposited in the 
bone of the deer and elk and this, according to Kauranen and Mattienen 
(56) acts as a barrier against further transfer of lead-210 to man. 
Only very small amounts of lead-210 were found in tissues other than 
bone in the elk and reindeer reiterating that in this particular food 
chain, lichen- reindeer/elk-man, lead-210 poses a negligible threat to 
man . 

Postassium-40, tritium, and carbon-14 are naturally occurring nuclides 
but tritium is also increasing in amount from the testing of nuclear 
weapons and from reactor operations. 

Potassium-40 remains in fairly constant equilibrium with the stable 
isotopic form. Nevertheless, potassium-40 in man can constitute an 
important source of internal radiation. Potassium-40 enters plants but 
the rate of entry varies considerably with the type of soil, the species 
of plant and its stage of growth (23). Consequently, the quantities of 
potassium-40 ingested by man varies. 

On the basis of absolute levels of radioactivity, potassium-40 might be 
a radionuclide to which close attention would have to be given. Russell 
(57), however, correctly points out that the potassium content of animal 
tissues is under close homeostatic control. 

Tritium closely follows the movement of hydrogen in biological systems 
(1). It has been shown that tritium moves downward through the soil 
after winter rain and upwards in the summer as water is lost from the 
surface by evaporation and transpiration (34). In fact, loss of water 
to the biosphere by transpiration may actually increase surface and air 
levels of tritium. Tritium has been observed to be bound to organic 
plant matter, mainly in seeds which for example comprise a major dietary 
component to kangaroo rats residing in a nuclear test area (34), The 
half-life of tritium in these rats was between 15-45 days. Generally, 
tritium is not a major concern because of its relatively rapid biologi- 
cal decay. Bound tritium does however show a higher biological half- 
life. Tritium has also been observed in milk. Kirchman et al. , (58) 
reported that tritium was transferred largely to the Uquid phase of 
milk and that the total activity of the dry matter (lactose, casein and 
fat) was less than the liquid phase. This was interpreted as indicating 
that the fraction of tritium incorporated into organic molecules is 
secreted more slowly than that from the pool of body water. 

Carbon is an element essential to all forms of life. Carbon-14 is a 
natural radionuclide formed from neutron activation of nitrogen. SmaD 
amounts are also present in reactor effluents (1). Carbon-14 which is 
present in the atmosphere as carbon dioxide (CO2) is taken up by plants 
and incorporated into their tissues (59) . These plants may then trans- 
fer carbon-14 to man when consumed. Carbon also occurs in soils, mainly 
in humus and carbonate minerals and the carbon-14 is added through 
incorporation of crop residues as fresh organic matter (27). Carbon-14 
is transferred to animal tissues (including man) through the consumption 
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and ingestion of contaminated plants. The radionuclide is eventually 
excreted as COj or as carbonate in urine and feces. Garner (1) indi- 
cates that plant and animal tissues rapidly equilibrate with carbon-14 
in the atmosphere and that the activity in tissue can be considered to 
be the same as in air. Compared to its long radioactive half-life, its 
biological half -life is relatively short. 

Man-Made Radionuclides 

The radionuclides strontium-90, cesium-l:?V and iodine-131 have been 
observed in high concentrations in milk and milk products, meat, poultry 
and vegetable matter. All three nuclides originate from either weapons 
testing or in the effluents of nuclear reactors. 

Milk assumes a position of great importance in the human diet as it 
provides calcium and is the major food and sometimes the sole food of 
infants. The dairy cow can ingest radioactive material that has 
deposited on or been incorporated into plant tissues. The nuclides are 
then rapidly transferred to milk which in turn is consumed by man soon 
after collection. Thus the grass-cow-milk chain is important in regards 
to the deposition of biologically available radionuclides of short half- 
lives (1) One such example is the incorporation of iodine-131 into 
milk. This nuclide has a half -life of 8.1 days. 

Ruminant animals are likely to consume relatively significant quantities 
of radionuclides as they graze on plant material which contains radio- 
nuclides from both deposition and incorporation of the isotopes in plant 
tissues from soil. The meat of ruminant animals, needless to say, is a 
highly significant component of the human diet. 

Poultry that are kept on free range may accumulate radionuclides in 
their tissues and eggs (60). The shell of the egg affords protection 
against strontium-90, cesium-137 and cerium-144, but iodine-131 can 
penetrate the egg (61). The shell apparently binds most radionuclides, 
making their passage to the egg impossible. 

Strontium-90 is found in soils from the widespread general contamination 
from atmospheric fallout and in certain areas from acute localized 
contaminating events (62). The availability of strontium-90 to plants 
is determined mainly by the exchangeable calcium content of the soil. 
Strontium-90 is accumulated by various types of plants, including 
lichens and pasture grasses, as well as some vegetables (63,64,65). The 
amount of strontium-90 absorbed is dependent on the plant species and 
proportion of calcium and strontium-90 in plant tissue to their relative 
concentrations in the soil (66), 

Strontium-90 has been found m milk and the activity in milk varies with 
soil conditions, the type of graze consumed and the type of farming 
(67). Milk appears to be the largest contributor of strontium-90 expo- 
sure to man and it has been estimated that 65% of dietary slrontium-90 
comes from this source (23). 
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As another example, the lichen- reindeer-man food chain can be a signifi- 
cant exposure pathway for strontium-90 to man. The bones of reindeer- 
breeders in the Soviet Union exhibit strontium-90 (64). The reason for 
higher levels of strontium-90 in this chain, and for cesium-137 as well, 
is a prolonged (tens of years) growth period of the first Unk, the 
Lichen, which is the main source of radionuclides for the next two 
links. Strontium-90 is washed out of the Lichens more rapidly than 
cesium-137 and this is evidenced by the lower levels of strontium-90 in 
the bones of reindeer and in the excretory wastes of reindeer-breeders 
while an increase in cesium-137 in both phases was observed (64). Thus, 
cesium-137 is more selectively accumulated than strontium-90 in this 
chain. The fact that strontium-90 accumulates principally in the bones 
of reindeer means that it is practically stopped from the further migra- 
tion to the human body. The strontium-90 content in the edible organs 
forms about one- thousandth (per kg tissue) of its content in bones. 
Thus, man's consumption of meat from animals that have grazed on stron- 
tium-90 contaminated plants is not as great a contributor of radiation 
exposure as milk, 

Cesium-137, unlike strontium-90 accumulates mainly in the soft edible 
tissues and most of aU in muscles. For example, its radioactivity in 
reindeer muscles (per kg weight) is about a thousand times greater than 
strontium-90 activity (64). Thus, the amount of cesium-t37 that can be 
ingested by man appears to be significant compared with strontium-90. 
The basis for cesium-137 accumulation in animal tissues is the presence 
of this nuclide in vegetable matter that is consumed. 

In many soils cesium-137 is firmly bound to clay minerals, and, even in 
sandy soils cesium-137 appeared to become fixed about three years after 
contamination (69). The availability of cesium-137 to plants from 
contaminated soils, however, is small. In comparison with strontium-90, 
the rate of entry of cesium-137 is generally one-tenth to one-fiftieth 
that of the former nuclide (68,63). However, once incorporated into the 
tissues of plants or deposited via faDout, cesium-137 displays a 
greater mobility than strontium-90 and is less readUy removed from 
plants by rain than strontium-90 (71). Thus, whereas the entry of 
cesium-137 into plants from soil is less than strontium-90, the conse- 
quences of direct contamination may be greater. 

Body burdens of cesium-137 two to three times higher than for the rest 
of the United States have been reported in residents of Florida (72). 
This was related to higher levels of cesium-137 in the mOk which 
resulted from the dairy catties' ingestion of a type of grass in the 
area that accumulated cesium-137 at a relatively higher rate than other 
feed grasses (73). Various regions in the U.S.S.R. have also been 
identified where body burdens of cesium-137 were greater than average 
due to the contamination of milk (74). 

Iodine- 131 can present a hazard to man and animals because of its high 
biological availabihty and rapid passage through biological systems. 
Because of this radionuclide's relatively short half-life (8.1 days) it 
is important only if it enters animals or man shortly after its release 
(1). Iodine can be released from reactor fuel as elemental iodine. 
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Some of this is adsorbed on lo particulates, although iodine-131 re- 
leased in the air may remain as a gas several miles from the point of 
release (80), Most of the released iodine-131 deposits as particulate 
matter and, thus, iodine-131 exposure by inhalation is relatively insig- 
nificant compared with the ingestion route. It is now well recognized 
that man's main exposure to iodine-131 comes from the consumption of 
iodine-131 contaminated milk. 

Iodine-131 in the gaseous state is readily incorporated into the plant 
tissue, presumably through small pore-hke openings or stomata in the 
leaves, while iodine-131 on particles stays on the surface of the leaves 
(81). Both types of iodine-131 are consumed with the plants by the cow. 
A grazing cow covers approximately 4000-8000 m^ in a day and, thus, she 
may ingest a relatively significant amount of iodine-131 (82). The 
chemical forms of the iodine-131 on the grass are such that iodine-131 
can be readily taken up into the blood of the cow. In fact, Thompson 
(83) states that at least 70% of deposited iodine-131 should be avail- 
able to the cow. 

Iodine is an essential element for the maintenance of normal thyroid 
activity. Thus, the cow thyroid accumulates iodine-131 since about 
0.5 - 0.8% of the daily iodine intake is directed toward this organ 
resulting in a fairly long biological half-life, while most of the 
ingested iodine-131 is excreted quite rapidly . 

Bergstrom (81) estimates that between 0.04 and 0.20% of the total iodine 
uptake is secreted in the milk within 7 days after intake. The delay 
between collection and consumption for many foodstuffs is sufficient to 
allow radioactive decay to reduce iodine-131 to insignificant levels 
(1) . Milk is one food item that is an exception as it is perishable 
and, therefore, consumed relatively fresh. Cheese may also be a contri- 
butor as the time taken to process milk into cheese may not be suffi- 
cient to allow radioactive decay to occur. 

Iodine-131 may also leach man through consumption of contaminated 
vegetables. In some parts of the world, mUk may not necessarily be a 
major source of food. In Japan, for example, spinach was observed to 
contribute far more fallout iodine-131 to the human diet than milk (84). 
In addition, fresh fruit and vegetables may also be a potentially impor- 
tant source to local populations in the U.S.A. (85). 

Less data are available for the terrestrial pathways of exposure for the 
radionuclides 2irconium-95. zinc-65, cobalt-60, barium-140, cerium-144 
and ruthenium-106. Nevertheless, a majority of these nuclides have been 
observed in the tissues of plants. For example, zirconium-95, 
ruthenium-106, cerium-144 and barium-140 were found in plants after a 
weapons test (86). In this case the vegetation concentrated the radio- 
nuclides from soils contaminated with fallout via their root systems. 
These Scime radioisotopes as well as zinc-65, ruthenium-106 and cobalt-60 
were found in the tissues of lichens, c:iribou and wolf (87). The 
presence of cobalt-60 in lichens is in contrast with the findings of 
Nishita et al. (88) who observed that, although cobalt-60 was in the 
soil, the radionuclide was not detected in a species of grass. These 
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observations may reflect the variability that can occur through differ- 
ences in the chemiced state of the element, the soil and plant meta- 
bolism . 

The group of nuclides discussed above are obviously entering food chains 
in which man is a link. However, the extent of their entry and their 
potential hazards are not totally known at this time. At any rate, the 
fact that they are observed in the biota and may occupy portions of 
various food chains make them a potential source of exposure to man. 
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4 . 3 Summary 

From the foregoing, we can postulate l)i()logical nn'rh;misnis whereby 
radionuclides deposited in the tei-restrial environment are taken up into 
the food chain and ultimately affect man. A quantitative understanding 
of the food chain transport mechanism may be required if one wishes to 
predict the dose to man from a given deposition of a radionuchde in the 
environment, or a given concentration in foodstuffs (93). 

"In practice, depending on local dietary habits and the composition 
of plant effluents, only a few food chains will be of critical 
importance in a given locality or population group. The ICRP has 
suggested the use of the critical pathway approach to designate 
such food chains. In essence this procedure suggests that the 
complex pathways, by which discharged radioactivity may result in 
public radiation exposure, can in practice be reduced to one or two 
pathways that are overwhelmingly more important than all others. 
For any proposed release, this approach still requires a prelimi- 
nary study to identify and evaluate these critical pathways, the 
critical radionuchdes , critical materials and critical population 
group. An integral part of such a study is a habits survey that 
provides data on consumption rates of certain foodstuffs or the 
handling time of certain materials. Unless this is done with some 
judgement a great deal of meaningless and redundant data can be 
produced at appreciable computer cost," (93) 
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Health Effects 
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In tro duction 

In contrast to the widely-held impression thnt little is known roncei-n- 
ing the biological effects of ionizing radiation, it is safe to say th:il 
more is known about this subject than about the effects of any other 
toxic or carcinogenic chemical to which man is occupationally or envi- 
ronmentally exposed. The research on ionizing" radiation liates back to 
the turn of the century and has been carried out in many natii^ns. It 
has been particularly intensive since the early 1940's when the atomic 
bomb was developed. The literature is now quite voluminous. A number 
of comprehensive reports have appeared in recent years, notably; 

■ 

ICliP. 1966. VM\H. WW.) (I, 2, ;0 
NAS BEIR Heport, IDVi: (1) 
UNSCKAH. 1972 (b) 
NCRP, 1975 (6) 

Much of what follows has been condensed from these and other receni 
reports. Attention is also directed to a forthcoming report of the 
Science Council of Canada entitled An Overview of the loni/ing Hadiatitni 
Hazard in Canada, and to a new UNSC'EAR i-eport em it let! Sources antl 
Effects of Ionizing Radiation: Uniteti Nations Scientific tkmimittee on 
the Effects of Atomic Radiation. 1977 Report to the Ceneral .Assembly, 
with Annexes. 

Much of the public's fear of ionizing radiation stems fi'om the fact that 
the subject is highly technical, i-equiring a consider-able knowledge of 
physics, mathematics ami statistics, antJ of human biology. neficienci<'s 
in one or more of these dist-ipiines can i-esujt in an incomjjUMe under- 
standing of the significance of paiticulai- piet:es of research and in tlie 
drawing of faulty inferences or conclusions. 

A second factor contributing to the pubhc's apprehension results from 
the attempt by scientists to determine the risk to health associated 
with exposure to low levels and low doses of radiation. A great deal is 
known of the dose-response relationship at relatively high ratiiation 
doses. The difficulty of obtaining detectable responses at very low 
doses of radiation (.e.g. 5 or 10 rads) depends on the size of the popu- 
lation and the number of years over which it is studied, as is illus- 
trated by the following table, ada))ted from Buck, 19r)9 (7). (The rotnil- 
gen units shown in the table are approximately equivalent to rads). 



TABLE 5.1 (12) 

Minimum Population Sizes Which Must Be Studied At Various Doses 
To Reveal A Detectable Increase in the Incidence of Leukaomia 

Dose from Birth Minimum Man-Ye;irs 

to Age 34 (R) at Ages 3 5 to 44 

5 6.000,000 

10 1,600,000 

IS 750,000 

20 500 , 000 

50 100.000 

100 30.000 

200 10.000 

Since only a few studies have been carried out on human populations 
which have received such low doses of radiation, it has been necessary 
for the scientist to estimate the risk from low doses of radiation by 
extrapolation from dose-response curves obtained at higher dose levels. 
This introduces the problem of whether the extrapolation should be 
linear, i.e. whether the response is proportional to dose even down to 
very low levels, or whether a more complex mathematical model should be 
used. It also introduces the question of whether there is a no-effect 
threshold at some low dose. No answer to these questions can be given 
at the present time. 

Any discussion of the health effects of ionizing radiation must 
consider : 

1. whether the source of radiation is external to the body or whether 
the radiation results from radionuchdes stored in the various body 
tissues . 

2. whether the dose of radiation to the body or target organs was 
delivered in a single massive dose or over a few days (as resulted 
from the bombing of Hiroshima and Nagasaki), or whether it was 
delivered in small amounts over several months or years (as could 
occur from internally deposited radionuclides or, in the case of x- 
rays, if the dose were "fractionated"). 

3. whether the effects appear shortly after exposure (acute effects), 
or are delayed for months or years. 
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5 . 1 Mechanisms Tor Injury 

As noted earlier in this report, ionizing radiations are injurious to 
living tissues because they deposit energy in the cells through which 
they pass, dislodging electrons and disrupting the chemical bonds which 
link atoms into molecules. 

The charged particles generated by the absorption of x-rays or gaiiinia 
rays in tissues are electrons which have a relatively low density of 
ionization along their tracks. Heavy ions such as alpha particles lose 
their energy quickly and produce a dense column of ionization as they 
penetrate cells. Because of this high rate of energy loss, their range 
in cells is short. A 5.3 MeV alpha particle emitted from plutonium has 
a range in water of 41 pm with an average density of about 3500 ion 
pairs/pm (8). Due to slowing of the alpha particle, the ion density 
increases by a factor of 2 toward the end of its range. Thus, compared 
with electrons , energy from alpha particles is deposited in cells and 
tissues in a highly concentrated manner. 

For ceUs which are highly differentiated and which do not proliferate, 
such as nerve, muscle and secretory cells, death of the cell may be 
defined as the loss of a specific function, e.g. the inability of a 
nerve cell to conduct an impulse. To destroy function in such non- 
proliferating cells, a dose of some tens of thousands of rads is re- 
quired (9) . 

For cells which are actively proliferating, such as the bone marrow stem 
cells which produce the red and white blood cells, cell death may be 
defined as a loss of their capacity for sustained proliferation. Thus, 
if cancer cells can be stopped from proliferating by administration of a 
dose of radiation, the tumour can be eradicated. With respect to 
proliferative capacity, the mean "lethal" dose is usually less than 200 
rads (9). An alpha particle which traverses the nucleus of a cell 
deposits more than enough energy, by several orders of magnitude, to 
destroy the cell's reproductive capability (8). Traversal of an alpha 
particle through the cytoplasm surrounding the nucleus can damage the 
cell, but leave its reproductive capacity unimpaired. 

The mechanism whereby radiation causes cells to lose their reproductive 
capability is not fully understood. There is no reasonable doubt that 
the sensitive target sites are in the cell nucleus, rather than in its 
cytoplasm. Hall, 1973 (9), discusses the evidence for regarding the 
chromosomes in the nucleus as the primary target for irradiation damage. 
Radiation injury to the cell membrane may also contribute. 

The chromosomes are composed of large macromolecules of DNA (deoxyri- 
bonucleic acid) and protein. The DNA macromolecule is a helical strand 
having a backbone of sugar phosphate molecules, each with a nitrogenous 
base attached to it. Four nitrogenous bases are involved, namely thy- 
mine, adenine, cytosine and guanine. The combination of the sugar 
phosphate molecule with a nitrogenous base is called a nucleotide. 
There are four different nucleotides, depending upon the nitrogenous 
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base. The DNA macromolefule is thus a spiral ch.iin composed of many 
hundreds of the four different nucleotide units. 

Some hundreds of nucleotides, chained together in a specific sequence, 
form a ^ene. Thousands of genes in turn are linked together to form the 
DNA macromolecule which together with protein forms the chromosome. 
The position of each gene in the chromosome is known as its locus 

The specific sequence of nucleotides in each gene constitutes the gene- 
tic information which is passed on from one generation to the next. If 
the sequence is altered, as by addition or deletion of a single nucleo- 
tide, or by a change in the nitrogenous base in a nucleotide, there will 
be a change in the genetic information . This is called a mutation 
Mutations, or changes in the genetic code, may also occur if a chromo- 
some is broken or if parts of a chromosome are rearranged within the 
chromosome or are interchanged with another chromosome. 

Mutations may result from unknown natural causes (spontaneous mutation) 
or they may be produced by a number of toxic chemical agents or physical 
agents. Even an increase in temperature can cause mutations. Raising 
the gonadal temperature 10*^0 doubles the mutation rate. Ionizing radia- 
tion is a particularly effective mutagenic agent. 

While some chromosome breakages may repair themselves, others persist, 
giving rise to abnormal chromosomes which may be observed by microscopic 
examination. Alternatively, the number of chromosomes normally present 
may be altered. Chromosome aberrations may be divided into two cate- 
gories; stable aberrations which can pass through repeated cell divi- 
sions, and unstable aberrations in which the chromosome does not divide 
equally between daughter cells, so that both ceO lines eventually die 
(10). 

The production of stable aberrations in the genes results in the forma- 
tion of a new or mutant line of cells with heritable characteristics 
which are passed to succeeding generations of daughter cells. If the 
mutation affects the germ cells (the sperm or ova), some of the off- 
spring will carry the mutant genes in all their cells. The mutation may 
be so deleterious that the embryo may die before birth , or if the preg- 
nancy goes to term the offspring may be deformed. Congenital deformi- 
ties resulting from mutations in the genes are hereditary (See Section 
5.3 on Genetic Effects). 

If the mutation affects the other cells of the body (somatic cells) the 
effects are not passed on to the offspring, and are therefore not here- 
ditary. However, the daughter cells of such somatic mutations will 
carry the defective genes. The resultant effect will depend upon the 
type of ceU, as well as the particular genes, affected. Thus severe 
mutation of the bone marrow cells could result in suppression of their 
normal function of producing red and white blood cells, with a conse- 
quent reduction of these cells in the blood (anaemia or leucopaenia) . 
Or the mutation might render the stem cells of the bone marrow more 
capable of rapid growth and multiplication, resulting in leukaemia. 
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Similar interference with the genetic material of other somatic cells 
could theoretically start up uncontrolled cell division in cells that do 
not normally divide during adult Ufe, or do so at a slow, controlled 
rate. The cells produced by such uncontrolled multiplication, displace, 
and may invade, surrounding tissues, the result being a cancer. 

The biological effects of radiation depend not only on the amount ab- 
sorbed, that is the dose, but also on the dose- rate, the time over which 
a dose is absorbed (rems per hour or rems per day). The biological 
effects of a given dose in general decrease as the dose-rate decreases. 
For example, 400 to 600 rads given to the whole body surface at one time 
would probably be fatal, but if spread over 30 or 40 years would proba- 
bly have no effect on the somatic cells, since they are able to recover 
when the dose-rate is low. Radiation causes injury when the dose-rate 
is increased to a point where the recovery can no longer keep up with 
the injury, and permanent biological change results. 

Not all cells are equally sensitive to ionizing radiation. The more 
rapidly proliferating cells tend to be more sensitive than those which 
are less actively reproducing. Also, tissues which are less specialized 
or less differentiated tend to be more sensitive to radiation. The 
following represents the order of decreasing radiosensitivity : 



I, Lymphoid tissues 

1. White blood cells 

3* Cells lining the gastrointestinal tract 

#i, Cells of the reporductive organs 

:i. Skin 

S„ Blood vessels, cells lining body cavities 

1^ Liver and adrenal glands 

f. Other tissues, including bone, muscles and nerves. 
in that order. 
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5.2 Soinatic Effects 

The somatic effects of ionizmg radiation (i.e. those which affect the 
exposed individual rather than the offspring) may be conveniently 
described under two headings: (1) Acute, (2) Delayed. 

5.2.1 Acute Effects 

In addition to the size of the absorbed dose and dose-rate, the acute 
effects of external exposure to ionizing radiation depend on the area of 
the body exposed to the radiation. Shielding of even a small volume of 
tissue decreases the severity of an otherwise whole-body exposure. 

Exposure to 25 rads or less of x ray, gamma or beta radiation produces 
no detectable acute somatic effects. Doses of 50 to 100 rads may cause 
changes in the white blood ceils, but no disability. Glasstone (11) has 
summarized the clinical effects of acute exposure to external radiation 
in Table 5.2, which shows the principal organs affected, the predominant 
signs and symptoms, the course of the illness, and the likely outcome. 

It wUl be seen that the effects on the blood-forming tissues predomi- 
nate at levels of 100 to 1000 rems, with injury to the skin and loss of 
hair occurring following doses of more than 300 rems. With acute doses 
of 1000 rems or more, there are signs of gastrointestinal and central 
nervous system injury. 

According to Eisenbud (12) there has been little experience of acute 
effects of internal radiation such as would result from the inhalation 
or ingestion of radionuclides. If highly radioactive substances of low 
solubility were inhaled or ingested, injury to the respiratory airways 
and the alveoli of the lungs, and to the mucous membrane lining the 
gastrointestinal tract would occur. It is known that atrophy of the 
thyroid gland can be produced by intake of massive doses of radioactive 
iodine (several thousand rems) as well as by large doses of external x- 
irradiation . 

From the viewpoint of environmental exposure, aside from exposure which 
might result as the consequence of a major nuclear reactor accident or 
as the result of nuclear bomb testing or atomic warfare, the acute 
effects of ionizing radiation are of little practical importance since 
the dose levels resulting from normal uranium mining and milling prac- 
tices and reactor operations are too low to produce acute effects. 
Delayed somatic effects, however, may result from long exposure to low 
levels of radiation, as well as following exposure to high dosages. 

5.2.2 Delayed Effects 

The delayed somatic effects resulting from exposure to high doses of 
radiation may become apparent within a few months of the exposure, such 
as changes in hair and skin pigmentation. Of greater significance are 
those effects which first become apparent some years after exposure. 
These include leukaemia, cancers of the lung and other organs, cataract 
formation, impairment of fertility, and a possible tendency to reduced 
life expectancy . 



TABLE 5.2(11) 



SUMMARY OF CLINICAL EFFECTS OF ACUTE IONIZING RADIATION DOSES 

Dose (rem) 



0-100 



None 



Incidence of 

vomiting 

Time of onset 



Principal 

affected Npne 

organs 

Character- 
istic signs None 



100-200 



100 rem: 5% 
200 rem: 50% 

3 h 



200-600 



300 rem: 100% 



2 h 



600-1000 



100^ 



4, » 



Hematopoietic tissue 



1000-5000 



Over 5000 



100% 



30 m 



Gastrointestinal 
tract 



Moderate Severe leukopenia; purpura; Diarrhea; 

leukopenia hemorrhage; infection; fever; dis- 
epilation above 300 rem turbance of 

electrolyte 
balance 



30 m 



Central nervous 
system 



Convulsions; 
tremor; 
ataxia; 
lethargy 



Critical 

period 

postexposure 

Prognosis 

Convalescent 
period 

Incidence of 
death 

Death occurs 
within 

Cause of death 



Excellent Excellent 



None 



None 



4 to 6 weeks 



Good 



5 to 14 days 



Guarded Hopeless 



Several weeks 1 to 12 months Long 



None 



to 80% 



(variable) 

2 months 
Hemorrhage; infection 



80% to 100% 90 to 100% 
(variable) 



2 weeks 

Circulatory 
collapse 



1 to 48 h 



Hopeless 



90 to 100% 



2 days 

Respiratory 
failure; brain 
edema 
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It should be emphasized that most of our present knowledge concerning 
the relationship between the development of delayed effects and exposure 
to ionizing radiation has resulted from observations on anijiial or human 
populations exposed to relatively high cumulative doses. The few excep- 
tions to this statement are specifically noted in the following brief 
reviews dealing with leukaemia and lung cancer. 

(i) C arcinoge nesis 

The evidence available at the present time indicates that most important 
delayed effect of radiation on the mortality of human populations re- 
sults from carcinogenesis, including the induction of leukaemia. 

In reviewing and comparing the findings of various studies, a certain 
amount of difficulty was encountered in understanding precisely what was 
meant by the use of certain terms, particularly those referring to Ihe 
risk of cancer from given doses of radiation. For example, it was not 
always immediately clear whether the risk (usually referred to in terms 
of 1,000,000 persons per rad or per rem) represented the total number of 
cases accumulated over a certain period of years, eg.; 20 years, or 
whether it represented the average annual number of cases, or whether il 
represented a hfe-time risk, i.e., the total number of cases which were 
estimated to occur over a life-time in a million persons exposed, say, 
to 1 rad or rem. Two specific terms relating to risk rerjuire defini- 
tion. 

|a| Absolute risk. Under the linear dose model, the absolute 
risk may be expressed as the number of excess cases of 
cancer per unit of time in an exposed population of given 
size, e.g.: 1 case/10^ exposed persons/year/rad. 

(b) Relative risk is the ratio between the risk in the irra- 
diated population and the risk in the non-irradiated 
population. It is usually stated as a multiple of the 
natural risk. The doubling dose, i.e. the dose that will 
double the normal risk, is a special example of a calcu- 
lation of relative risk (4) The relative risk would be 
equivalent to 

obse rved number_of cases 

expected number of cases E 

It should be noted that in some studitrs the relative ri.sk is calculated 



excess c ases (due lo^radiation) D-K 

expected cases £ 

In many cancers induced by environmental agents (whether chemical or 
physical such as ionizing radiation) the exact time or date of exposure 
is known. It is characteristic of such cancers in humans that a latent 
period of some years elapses before the first cancers are observed, The 
incidence of cancers then increases during the following years until a 
peak is reached, then decreases toward normal. 
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Lundin et al, 1971 (13) have shown Ihat the occurrence of lung cancers 
in their group of uranium miners could be predicted using a log-normal 
distribution with a median latent period of 10 years from the date of 
first exposure. (Some 70% of their miners smoked cigarettes, and it is 
possible that this concurrent exposure to tobacco smoke may have acted 
to reduce the median latent period). 

Bizzozero et al, 1966 (14) have found that the occurrence of leukaemia 
following a single brief exposure to radiation also followed a log- 
normal distribution, The use of the log-normal in assessing the dose- 
response relationship between radiation and cancer in populations which 
have sustained their exposure at low dose rates over a number of years 
provides a logical method for giving less weight to the doses incurred 
in the last few years prior to the development of the cancer, and 
greater weight to the doses incurred earlier in employment, i.e. more 
than 5 to 10 years prior to the cancer occurrence. An appropriate 
weighting of the doses received, in order to establish the "effective 
dose", is particularly important in assessing the radiation-cancer risk 
in population groups which have received their exposure over many years. 

Leukaemia 

An increased frequency of leukaemia, as compared with its normal inci- 
dence , has been reported among Japanese survivors of the atomic bombings 
at Hiroshima and Nagasaki (15), among children irradiated in infancy for 
enlargement of the thymus gland, among patients whose spines were irra- 
diated for ankylosing spondylitis, among radiologists and among children 
irradiated in utero during the mother's pregnancy (16, 17). 

The Japanese atom bomb survivors showed a peak incidence of leukaemia in 
1951-1952. some 6 years after exposure. The incidence rate in 1951 was 
about U times higher than that in the unexposed population. Though the 
rate for the survivors has declined markedly since 1952, it has not 
returned to normal even 25 years after exposure. The dosages received 
by the Japanese survivors is estimated to have been in the range of 100 
to 900 rads, giving an increased incidence of leukaemia proportional to 
dose at a rate of about 20 cases per million exposed people per rad over 
a 15- to 20-year follow-up period. This incidence of radiogenic cases 
could be compared with a normal frequency of about 1,200 cases in a 
population of one million unexposed persons over the same follow-up 
period and based on an average incidence of about 6 cases per hundred 
thousand per year (12). 

The incidence of leukaemia in patients receiving x-ray therapy for 
ankylosing spondylitis was slightly lower than that for the Japanese 
bomb survivors. 

The increase in leukaemia in children irradiated in utero reported by 
Stewart and Kneale, and by MacMahon, is of particular interest since the 
x ray dose received by the fetus was only of the order of 1 rem. Mole, 
1975 (18) has assessed these reports and considers the evidence for an 
increased risk of leukaemia and of childhood cancers at this dose level 
is sound. On the other hand, no increase in leukaemia or childhood 
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cancers has been found in Japanese children who were irradiated in ulero 
at the time of the atom bombing. Some of these children were estimated 
to have received 250 rem prenatally . 

A similar negative finding was reported by Saenger et al, 1968 (19) in 
hyperthyroid patients who received 8.9 mCi of iodine-131 (a whole-body 
dose of about 20 rem), compared with non-irradiated hyperthyroid con- 
trols. However, the hyperthyroid population as a whole had a leukaemia 
incidence about 50% higher than that in the general population, sugges- 
ting that hyperthyroidism itself may be associated with an increased 
risk of leukaemia. 

The BEIR report (4) considers the radiogenic risk of leukaemia to be 
about 1 case/10® exposed persons/year/rem, and that susceptibility to 
induction of leukaemia is several times higher in those irradiated in 
utero or in childhood, as well as in those irradiated late in adult 
life, than in individuals of intermediate ages. 

(Note: See also subsection on Cancer and Preconception Radiation.) 

Breast Cancer 

An increased incidence of breast cancer has been reported in female 
tuberculosis patients subjected to repeated x ray fluoroscopy, in women 
given locahzed x ray treatments for acute mastitis, and in Japanese 
women who survived the atom bomb (15). A carcinogenic effect of radia- 
tion on breast tissue has also been demonstrated in laboratory animals. 
The BEIR report states that for cancer of the female breast the observed 
mortahty at high doses is approximately 3 deaths/10^ exposed women/ 
year/rem. The report edited by Okada et al suggests that the absolute 
risk of breast cancer is about 2.1 cases/10^ persons/year/rad. 

Thyroid Cancer 

At high dose levels and high dose rates, tumours (both malignant and 
non-malignant) of the thyroid gland show an increase in incidence pro- 
portional to increasing dose in exposed populations. Children appear to 
be several times more susceptible to the induction of thyroid tumours 
than are adults. Thus, an increased incidence in thyroid cancer was 
found in children whose thyroids received more than 200 rads of x-ray 
for treatment of enlarged thymus glands (20), whereas no excess of 
cancers was observed in adults similarly treated (21). An increased 
incidence of thyroid cancers was also reported in Japanese A-bomb survi- 
vors who were under 20 years of age at the time of exposure. The 
increase was greater in women than in men . 

More recently, Modan et al, 1974 (55) reported 12 thyroid cancers in 
some 10,902 children who received low dose x-radiation for tinea capi- 
tis. The follow-up period was 13 years; the x-rays were administered 
from 1 to 12 years before the start of the follow-up. Only 2 cancers of 
the thyroid developed in an equal number of control children. The 
average dose of x-rays to the thyroid was 6.5 rads, giving a risk esti- 
mate for low doses of x-radiation of 10.9 cancers per 1 million per year 
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per rad. This value is about the name, or slightly higher, than the 
estimate provided in the BEIR report for high dose x-ray or gamma radia- 
tion (see below). 

The carcinogenic risk associated with exposure to radioactive iodine is 
of particular interest because of its selective concentration in the 
thyroid gland and because the dose to the thyroid when fresh fission 
products are released to the atmosphere (as could happen after a nuclear 
reactor accident) may be the limiting factor in determining the length 
of time an individual may remain in the area of fallout. 

An increased incidence of thyroid abnormalities was found in a group of 
Marshall Islanders some 15 years after they were irradiated by fallout 
from a thermonuclear explosion in 1954. The thyroid doses from radio- 
active iodine were estimated to range from 160 to 1,400 rem, super- 
imposed on a whole-body irradiation of about 175 rem. In this instance, 
the shorter-lived radioiodine isotopes, which are 10 to 20 times more 
biologically effective than iodine-131, were responsible for much of the 
tissue damage. 

In rats, it has been found that the carcinogenic effectiveness of 
iodLne-131 is about one-tenth that of x-rays. Whether this applies in 
humans, particularly children, is not known. 

The BEIR report estimates the risk of thyroid cancer from radiation to 
be 2,5 to 9.3 cases (not deaths)/10^ exposed children/year/rem to the 
thyroid, averaged over the 5th to 25th years after exposure. 

Lung Cancer 

It is now well known that an increase in lung cancer in humans can 
result from the inhalation of cigarette smoke and a variety of air 
contaminants such as asbestos, mustard gas, hematite, and compounds of 
chromium, nickel and arsenic, as weU as a variety of organic chemical 
compounds. Concurrent exposure to one or more of these agents may play 
a role in the increased incidence of lung cancer reported in uranium 
miners in Czechoslovakia and south-eastern Germany (22, 23), the Colo- 
rado plateau (13) and in Ontario (24, 25, 26), as well as in fluorspar 
miners in Newfoundland (27) and in non-uranium metal miners in Sweden 
(28). 

In each of the foregoing mining populations, as well as in the British 
hematite miners, there was occupational exposure to increased levels of 
radon and radon daughters (100 pCi/ litre of air, or higher). Radon 
daughters appear to be highly carcinogenic in association with cigarette 
smoking. 

An increased incidence of lung cancer has also been reported in Japanese 
survivors of the atom bomb (15) who were exposed mainly to external 
gamma and neutron radiation. A significant excess of lung cancer has 
also been reported in patients with ankylosing spondyhtis treated with 
x-rays at doses to the bronchial epithelium of about 400 rads (29). 
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Most of the lung cancers associated with exposure to air contaminants, 
including radon daughters, arise in the epithelium lining the bronchi. 
Very few develop in the deeper spaces of the lung (the alveoli). Consi- 
derable effort has been made to estimate the dose of radiation delivered 
to the bronchial epithelium in the uranium mining population. When 
radon gas is in equilibrium with its daughters, approximately 90% to 95% 
of the dose is from the radon daughters (30). Removal of the radon from 
the mine atmosphere also eliminates the build-up of radon daughters. In 
still air, approximately 3 hours is required for radon and radon daugh- 
ters to reach equilibrium. In a mine with several air changes per hour, 
equilibrium will not be reached and the level of the radioactivity in 
the air will consequently be reduced to some fraction of that present at 
equilibrium. Thus, with one air change per hour the disequiHbrium 
factor (defined in Chapter 1) is about 0.7. With two air changes per 
hour the ratio is about 0.4 (31). 

Radiation levels in uranium mines are customarily measured in Working 
Levels (WL) , defined in Chapter 1, and the dose received by the miners 
in Working Level Months (WLM), (i.e. 170 hours of exposure to IWL). In 
certain studies (e.g. the uranium miners in Czechoslovakia) exposure was 
measured in picocuries of radon per litre of air. Conversion of this 
unit to WL requires a knowledge of the state of equilibrium between 
radon and its daughters existing in the mine. 

Calculation of the dose delivered to the bronchial epithelium (or to the 
lung, taken as a whole organ) requires a knowledge, or at least certain 
assumptions, concerning a long list of factors, including: 

L The degree of dustiness (including oU and water droplets) of 

the mine air. 

f;. Particle size distribution and density of the dust in relation 
to its respirabUity . 

a. The proportion of radon daughters adsorbed on respirable 
dust particles and nuclei (usually quite high). 

4i The volume of air breathed daily (the product of frequency 
and depth of respiration). 

1. The fraction of the dust (or radon daughters) retained in the 
lung. This wOl depend on (a) the deposition characteristics 
of dust of various sizes and densities in various parts of the 
respiratory tract, and (b) the residence time of the particles 
at the various sites of deposition . This in turn depends on 
the solubility of the dust particles and on physiological 
clearance mechanisms in the lung such as the muco-ciliary 
action of the cells lining the trachea, bronchi and bron- 
chioles, and the phagocytic removal of dust particles to the 
upper respiratory tract (where they will be spat out or swal- 
lowed) or to the lymphatic system (where the dust will tend to 
collect in the lymph nodes) , 
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6. The energy dissipated by the r;ui(Mi daughirrs (.iiu>st i>f ^lu^, is 
in the fonn of alpha particle radiation) ami (he volumt- ol* 
tissue cells irradiated . 

7. The relative biological effectivfnebs (or tjualily factor) of 
the alpha or other radiation. In various studies the RBE or 
QFi values used for alpha radiation varied frmii less than 10 
to a factor of 20. 

8. The contribution made by other- radionuclides (e.g. thoron and 
its daughters) . 

9. Assumptions regarding the effects of non-unifornuly m dose 
distribution through the various parts of the lung. 

Depending upon the estimates or assumptions used for each of the above 
factors, as weU as others, the calculated dose, in rems. for a 1 WLM 
exposure can vary by at least two orders of magnitude. The BEIR report 
estimated 1 WLM equal to 5 rems to the bronchial epithelium. 

To the uncertainties inherent in the above calculations the realization 
should be added that it is important, as mentioned previously, to incoi-- 
porate some rational method of weighting the dose received in past years 
to arrive at an estimate of the effective dose. i.e. the dose which 
actuaDy contributed to the development of the lung cancer. 

With only one or two exceptions, in all of the studies in which an 
increased incidence of lung cancer with increasing" radiation dose has 
been reported, the excess of cancers occurred in men (usually smokers) 
who had accumulated in the range of 120 WLM (estimated GOO rems) of 
exposure, or more. The BEIR report, after reviewing the studies pub- 
lished to 1971, estimated the risk of lung cancer from radiation expo- 
sure to be approximately 1 death/lO*^ exposed workmen/year/rem 

Attention is drawn to one recent report which attempts to relate cancer 
incidence to low levels of external radiation (32). This study uses 
proportionate mortality to compare the frequency of deaths, from can- 
cers, of various sites in exposed and non-exposed workers at the Hanford 
plant in the state of Washington. The exposed workers were defined as 
those having one or more positive film badges (0.01 rads of exposure) 
during their service at the plant. The aveiage life-time dose accumu- 
lated by those dying of cancers was 2.10 rads. and that for men dying of 
other causes was 1.62 rads. The average life- time dose accumulated by 
the exposed workers was 1.72 rads. and that for non-exposed woi'kei's was 
apparently less than 0.01 rad . The findings in this study are not 
reported here, since the study is open to criticism on several counts. 
First, the dosimetry involved is suspect; background radiation is appro- 
ximately 0.1 rad per year, i.e. ten Limes greater than the minimum 
recorded total exposure for a hfe-time of work for a member of the 
exposed group. Second, from the epidemiological and statistical point 
of view proportionate mortality is not a sufficiently powerful method to 
distinguish real differences in the exposure experience of (he cancer 
and non-cancer groups at low levels of mortality. Third, an independent 
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preliminary analysis of the mortality experience of the Hanford workers 
using a cohort approach, which is intrinsically more sound than the 
proportionate mortality method, has failed to substantiate many of the 
conclusions reached by Mancuso et al (33), At the present time, the 
quantitative relationships between cancers and radiation dose derived in 
the report by Mancuso et al must be regarded as unproven. 

Although lung tumours are readily induced in animals by radiation expo- 
sure (4), it is worth noting that as yet there has been no success in 
producing cancers by the inhalation of radon and radon daughters alone, 
even at very high dose levels. Lung cancers have been produced in rats, 
however, when they were first exposed to uranium dust or to nonradio- 
active cerium hydroxide in the form of a single inhalation exposure, 
followed by repeated exposures to high levels of radon (34). It would 
appear of some interest to determine whether exposure to a certain level 
of airborne dust is a necessary concomitant of radon exposure in the 
induction of lung cancer. 

The experimental studies up to 1969 relating lung cancer to ionizing 
radiation from radionuclides administered to animals are reviewed by 
Bair, 1970 (35) and Sanders et al, 1970 (36). 

Bone Cancer (Osteosarcoma) 

A few bone cancers have been reported in persons receiving x-ray therapy 
in doses ranging from 3,000 to 15,000 rads for ankylosing spondylitis 
(29). Benign tumours of bone and cartQage have also occurred following 
much smaller doses of x-rays, usually less than 500 roentgens measured 
in air (4) . No mention is made of bone cancer occurring in the Japanese 
A-bomb survivors in the report of Okada et al (15). 

The major causes of radiogenic bone cancer have been (a) the ingestion 
of radium-226 and radium-228 (mesothorium) by luminous dial painters 
about the time of the first World War and in the years prior to 1926 
(37), and (b) the intravenous administration of radium-224 (thorium X) 
for treatment of tuberculosis and ankylosing spondylitis (38). 

Other sources of radium intake were the drinking of radioactive water 
nostrums, the oral or intravenous administration of radium solutions by 
physicians treating a wide variety of diseases during the 1920's, and 
ingestion of radium by chemists working in refineries and laboratories. 
Among some 770 dial painters, 51 cases of bone sarcoma and 21 cases of 
cancer of the head (mastoid redion) and nasal sinuses had developed to 
1972. Among 900 patients receiving intravenous radium-224, 53 cases of 
bone sarcoma, but no cancers of the head or sinuses, had developed to 
1970 (4). 

i 

In evaluating the dose-response relationships for radioactive isotopes 
which are concentrated in the body or body organs, it is necessary to 
include a consideration of their radiotoxicity . As stated previously, 
radium isotopes , as well as a number of other radionuclides including 
strontium and plutonium, behave chemically like calcium and are depo- 
sited in the bone. 
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When raclium-226 is ingested, most of il passes through the intestinal 
tract unabsorbed. Depending upon the solubility of the radium salt, 
from 10% to 30% is absorbed into the blood stream. (The ICRP assumes 
the higher figure in its calculations, probably because the main source 
for ingestion is radium dissolved in water). In the blood the chemical 
properties of radium (and strontium) are such that they undergo cationic 
exchange with the replaceable calcium in bone, Initially the radium 
concentrates on the bone surfaces and in areas of active bone growth and 
replacement. It then gradually migrates throughout the entire bone 
mineral, though the distribution is uneven. The critical body organ for 
radium is thus the bone. 

The biological half-life for excretion of radium-226 from the body ib 
900 days. Excretion of radium-226 from bone follows a power function 
with an ultimate value of 10 to 12 years. Because the range of penetra- 
tion for alpha particles from radium-226 and its daughters is only about 
25 to 50 pm in bone or tissue, the radiation dose is confined to the 
bone or tissue cells which lie directly in contacl with the bone, such 
as the periosteum and endosteum and the epithelial lining of the nasal 
sinuses and mastoids. Very high radiation doses, in addition to initia- 
ting malignancies, can cause rarefaction and necorosis of the bones, 
leading to spontaneous fractures. 

A residual skeletal burden of 1 yCi of radium-226 will, over 40 years, 
result in an average dose to the skeleton of 3,220 cumulative rads and a 
skeletal average dose rate of 56 rads per year (37). 

Among the more than 650 radium-226 and radium-228 cases studied at the 
Massachusetts Institute of Technology up to 1970, no cases of bone 
sarcoma or other signs of radiation jjijury were detected in persons with 
a residual skeletal burden of less than 0.5 \aC\ of radium-226 (or 
radium-equivalent in the case of radium-228), some 35 years after expo- 
sure. If the residual radium burden some 35 years after acquisition was 
about 1 |jCi or greater, then some individuals did have signs and symp- 
toms which appeared clearly attributable to chronic radiation of their 
bones. With residual burdens of between 0,5 and 1 pCi there were a few 
instances of symptoms of injury (39). 

Stating the response in terms of radiation dosage, Evans says, in his 
1974 paper (37) "In more than 500 individuals with skeletal average 
doses below 1,000 cumulative rads, no signs or symptoms of clinically 
significant radiogenic effects have been observed thus far in the sub- 
jects studied at M.I.T." In the same paper Evans also noted that there 
is suggestive evidence that the time till appearance of the tumour 
increases as the dose decreases, and he states "If the trend to increas- 
ing appearance time with decreasing dosage is real, then there would 
remain a small dosage for which the reciuired tumour appearance time 
exceeds the maxmium life span", i.e. a practical threshold dose. 

This finding has been reported in experiments in which beagle dogs were 
exposed to several alpha-emitting radionuclides, including radiura-226, 
radium-228 and plutonium-239 (40). Rowland el ai , 1970 (11) have sum- 
marized the dose-response data for the 770 exposed individuals studied 
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at M.I.T. and the Argonne National Laboratory. They found that an 
equation of the type I = KD^ D/D' gave the best fit for observed cases 
versus dose, where I = cancer^incidence , D = mean cumulative bone dose 
and K and D' are constants. The exponential term aUows for an apparent 
fall in incidence in the highest dose range. At lower values of D , an 
equation of this type reduces to a proportionality between incidence and 
the square of the cumulative dose. In effect, this particular relation- 
ship implies a very small probability of radiation-induced bone cancer 
at low cumulative doses, with a sharply rising frequency in the higher 
ranges, and results in a better fit to the observed incidence rates in 
this group than does a strictly linear fit to the data. 

In the group of cases reported by Speiss and Mays, 1970 (38) who were 
given radium- 224, the lowest cumulative dose at which bone sarcoma 
occurred was 90 rads . An attempt to explain the difference in dose 
response between the radium-226 cases and the radium-224 cases has been 
made by Speiss and Mays on the basis of the dose to the cells on the 
bone surface rather than average skeletal dose. According to their 
calculations, the dose to the surface cells from radium-224 is 9 times 
higher than the average skeletal dose, whereas with radium-226 the 
surface cell dose is less than the average skeletal dose by a factor of 
0.63. On the basis of dose to the bone surface cells, the lowest dose 
at which bone cancer has been observed in men is approximately the same 
for the two isotopes, namly 810 rads for radium-224 and 570 rads for 
radium-226, suggesting that a threshold could exist for radium isotopes. 
The evidence for a threshold, however, is not conclusive since the 
populations at risk in the lower dose range are small. 

The experimental evidence as to the carcinogenic effects of a number of 
bone-seeking radionuclides has been summarized by Mays and Lloyd, 1969 
(42), 1972a (43) and 1972b (44). These authors concluded that for alpha 
emitters bone cancers increased linearly with dose in some studies, but 
showed a sigmoid dose-response relationship in others. For beta emit- 
ters the relationship also appears to be sigmoidal, i.e. the response at 
low doses was less than would be predicted by a linear dose-response 
model . 

Recognizing the uncertainties in the relationship between dose and bone 
cancer induction at low dose levels, the BEIR 1972 (4) report concludes 
that at high doses, mortality from cancer of the skeleton approximate 2 
deaths/10® exposed persons/year/rem . 

Skin Cancer 

While it is generally recognized that skin cancer can develop in persons 
who have received intensive irradiation of the skin , particularly in 
those who have developed radiodermatitis , there appear to be few data on 
which a doseresponse relationship can be evaluated. Human observations 
and experimental evidence suggest that no increase in skin cancers 
occurs below the 450 to 1,000 rad range. In mice, tumour induction has 
been reported to be proportional to the square of the dose (45). 
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Other Cancers 

According to the BEIR, 1972 (4) report, excess incidences of lymphoma, 
cancers of the pharynx, stomach, g-all-bladder, liver, nasal and mastoid 
sinuses, and tumours of the salivary glands have occurred following 
exposure to ionizing radiation. The evidence for an increased cancer 
risk for these sites is, at present. limited and in most instances is 
insufficient to warrant any conclusions regarding <lose-response rela- 
tionships. However, in their study of 10,902 children irradiated for 
tinea capitis, in addition to the increase in thyroid cancer previously 
mentioned. Modan et al, 1974 (55) found a significant increase in malig- 
nant and benign tumours of the brain and of the parotid gland The x- 
radiation dose to the brain was about 140 rads . The liKIR report does 
state that for cancer of the gastro-intestinal tract, including stomach, 
the mortality at high dose levels approximates 1 death/10*^ exposed 
persons/year/rem, and that cancers of other sites may contribute a 
further 1 death/lO*^ persons/year/rem. 

Cancers Following in U tero Irra diation 

In addition to the increased incidence of leukaemia reported in chOdren 
whose mothers have received x-radiation to the abdomen <luring preg- 
nancy, Stewart and her colleagues, 1958 (46) and 1970 (16), and 
MacMahon, 1962 (17) reported an increase in the incidence of cancers of 
solid tissues in children, occurring from shortly after birth to about 
the age of 8 or 10. In the MacMahon study, the increase in leukaemia 
was about 40%. and of other cancers was about 50% greater than normal. 
Mole. 1974 (47), analysing more recently published dnta by Stewart et 
al, also found that the excess of leukaemias and of solid cancers in 
singleton births and in dizygotic twins who had been irradiated in utero 
was about 50% greater than normal. Stewart and Kneale, 1970 (16) 
described a linear relationship between x-ray dose and the excess of 
cancers and estimated that there would be between 300 and 800 extra 
deaths before age 10 in 1 million children exposed to 1 rad of radiation 
shortly before birth. 

No definite increase in childhood cancers was found in 1250 Japanese 
children exposed in utero to less than 500 rads at the tune of the 
atomic bombings (48). Mole, 1974 (47). however, has reviewed later 
reports by Jablon and Kato and has found that, with a linear hypothesis, 
the overall induction rate of malignant disease between and 10 years 
of age was 20 per million per rad for the A-bomb survivors exposed in 
utero. This figure may be compared with an overall risk of 240 malig- 
nancies per million per rad for antenatal radiography provided by 
UNSCEAR. 1972 (5). 

Cancer and Preconception Irradiation 

A series of at least 6 reports, based upon the "'I'ri-sl.qte study" con- 
ducted in Baltimore, Minneapohs and New York state (excluding New York 
city) has appeared since 1966 claiming a 60% increase in leukaemia in 
children whose mothers reported diagnostic x-ray exposures up to 10 or 
more years before conception, and a 30% increase (of bordej-line statis- 
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tical significance) in children whose fathers were irradiated prior to 
conception of the child (49, 50, 51, 52). Such an effect, if real, 
would have to be heritable, i.e. a genetic effect. 

It has not been possible within the time constraints of this project to 
evaluate the evidence substantiating the findings in the Tri- state 
study. The BEIR, 1972 (4) report points out that a study, involving 6 
indicators of genetic damage of the first generation following the 
Japanese atom bombings, has shown no detectable effects of radiation 
exposure, nor has any excess of leukaemia been found in this generation 
even though the radiation doses received by the parents prior to concep- 
tion were much larger than those in the Tri-state study. The BEIR 
report states that "in the interpretation of those studies which have 
been reported an association between leukaemia and preconceptual irra- 
diation remains uncertain" . 

Total Cancers 

Among the Japanese survivors of the atomic bombings, the excess morta- 
lity from all forms of cancer, including leukaemia, over 20 years of 
follow-up corresponds roughly to from 50 to 78 deaths per million ex- 
posed persons per rem (4). In persons who received high doses of x- 
radiation for ankylosing spondylitis, the excess cancer mortality cor- 
responds to a cumulative total of roughly 92 to 165 deaths per million 
persons per rem during the first 27 years after irradiation. 

Newcombe, 1976 (53) has summarized the data from the BEIR, 1972 (4) 
report, the UNSCEAR, 1972 (5) report and from Pochin , 1976 (54) to table 
estimates of the cumulative risk of cancer induction during the 25-year 
(approximately) period following whole body irradiation (Table 5.3). 

The values for favoured estimates shown at the bottom of the table 
allows for additional cases which may still occur with longer followup 
periods. Newcombe notes that "the figure shown for lung cancers is of 
little use for predicting the risks of lung cancer arising from loca- 
lized exposures to radon gas and its daughter products, as in uranium 
mining, because of difficulties in calculating doses to the tissues 
involved" . 

(ii) Effects on Blood Cells 

In addition to its leukaemogenic effect, exposure to ionizing radiation 
can affect those cells in the body responsible for the formation of the 
red blood cells (erythrocytes), the white blood cells (lymphocytes and 
granulocytes) and the blood platelets (thrombocytes) which are concerned 
with blood clotting. 

Irradiation of the lymphoid tissues of the body may suppress the ability 
of precursor cells to form lymphocytes, resulting in a decrease in the 
number of circulating lymphocytes (lymphopenia). It may also induce 
changes in the chromosomes within the lymphocytes. The yield of chromo- 
some aberrations is dose dependent. A recent paper by Lloyd and Dol- 
phin, 1977 (10) indicates that chromosome analysis can be used to 
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provide an estimate of dose where no physical dosimeter was worn, and is 
frequently of value in resolving anomalous or disputed data from routine 
film badges. 

Stimulation of lymphocyte formation, resulting in an increase in circu- 
lating lymphocytes (lympocytosis) has occasionally been reported in 
persons exposed to ionizing radiation , but appears to be of less signi- 
ficance. 

Irradiation of the bone marrow by x-ray or gamma radiation or by radio- 
nuclides, by depressing the function of various precursor cells, may 
produce decreases in the circulating red blood cells (anaemia), the 
white cell granulocytes (granulocytopenia) or the platelets (thrombo- 
cytopenia). Radioactive phosphorus-32, a beta emitter, is used clini- 
cally in the treatment of polycythaemia vera, which is characterized by 
an over-production of red blood cells . 

(iii) Ra diation Dermatitis 

As well as causing acute burns of the skin, exposure to ionizing 
radiation may cause delayed effects taking several weeks to develop. 
Healing is slow, and results in atrophy, increased pigmentation and a 
tendency to recurrent ulceration. Plastic surgical repair is frequently 
necessary . 

Chronic overexposure of the skin to ionizing radiation also leads to 
atrophic changes and hyperkeratosis, as well as malignant changes 

(iv) Cataract Formation 

For introduction of cataract affecting the lens of (he eye, there is 
radiobiological and clinical evidence of a non-linear relationship 
between response and dose of radiation, this effect depending, pre- 
sumably, on the killing of the cells in the lens (4). For x-rays and 
gamma rays, the threshold for cataract formation is between 200 and 500 
rads when delivered in a single brief exposure, or about 1,000 rads when 
delivered over a period of months. For neutron radiation there is 
suggestive evidence of a threshold of around 75 to 100 rads, which would 
be equivalent to some 375 to 1,000 rems if neutrons are assumed to have 
a relative biological effectiveness of 5 to 10 times that of x-rays or 
gamma rays. 

(v) Impairment of Fertility 

The ovary develops a finite number of germ cells, or oocytes, early in 
life and lacks the ability to regenerate them. Destruction of the 
oocytes by irradiation or other means i-esults in a permanent reduction 
of the ability to produce ova, or a reduction in fertility. In women, a 
minimum of 300 to 400 rems must usually be given in a single exposure to 
ensure sterility, and a dose of 1,000 to 2,000 rems is required if the 
dose is fractionated over a period of 10 to 14 days. Follow-up studies 
of the Japanese female survivors of the atom bombings has failed to 
disclose any lasting impairment of fertility (4). 



TABLE 5.3 

RISK ESTIMATES FOR THE INDUCTION OF CANCER 
BY WHOLE BODY IRRADIATION * 

(Adapted from UNSCEAR 1972, p 9, BEIR 1972, p 89, 
and POCHIN 1976, p 33-34.) 



Kind of Cancer Cases per IQ^ man- rem 



OBSERVED 






Leukaemia 






15 


- 40 


Lung 






10 


- 40 


Breast 






6 


- 20 


Other 








40 


Thyroid (non fatal) 








(40) 


Total fatal 






71 


- 140 


Non fatal 








(40) 


FAVOURED 


ESTIMATE 






Total fatal 








150 


Non fatal (including 


sk. 


in cancer) 




(100) 



After Newcombe, 1976 (53). 
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Unlike the ovary, the tests has considerable capacity for regeneration 
of its sperm-producing cells, the spermatagonia . The latter are quite 
radio-sensitive. A single dose of 50 millirem is sufficient to result 
in temporary cessation of sperm formation. However, the surviving 
spermatagonia eventually regenerate the seminiferous epithUum and 
restore spermatogenesis. Restoration of normal sperm counts in men has 
followed within one to three years after doses ranging from 0.1 rem to 
near-lethal exposure. Fractionated exposure of dogs to 3 rems per week 
has resulted in sterility after a few months, whereas 0.6 rems per week 
for lifetime exposure produced no change in sperm count (4). 

There is thus evidence, for both males and females that impairment of 
fertility is nonlinear with dose, i.e. that a practical threshold does 
exist for this effect. 

(vi) Life-Shortening Effect 

The possible life-shortening effect of ionizing radiation is discussed 
fairly fully in the BEIR, 1972 (4) report. There is conclusive evidence 
that sublethal doses of whole body radiation, whether administered 
as single or fractionated exposures, shorten life expectancy in rats, mice, 
dogs and other animals and that the life -shortening effect appears to be 
proportional to dose. Extrapolation of these results to man would pre- 
dict a reduction of life expectancy of from 1 to 5 days per roentgen. 

Most of the data pertaining to man have been derived from studies of 
person occupationaUy exposed while giving radiotherapy and of sur- 
vivors of the Japanese atom bombings. The effects of a large number 
of variables, other than radiation dose, known to affect life expectancy 
such as age, pre-existing disease, concomitant exposure to other occupa- 
tional contaminants, and socio-economic status renders the interpre- 
tation of such studies difficult. Increased mortality from causes other 
than cancer and leukaemia has been reported in several carefully con- 
trolled studies such as that by Seltser and Sartwell, 1965 (56) on 
American radiologists. On the other hand, studies of other occupa- 
tionaUy exposed groups, such as dentists and x-ray technicians, and 
of the Japanese A-bomb survivors have failed to show a generalized 
increase in mortality or evidence of accelerated aging. 

An increased mortality was found for infants exposed in utero during the 
Japanese atom bombings. The effect appears only in those exposed in the 
last trimester of pregnancy. Whether the effect was somatic or genetic 
is not known. A more recent report by Blot (15) found that radiation of 
the fetus in early pregnancy, even at doses as low as 10 to 20 rads. may 
result in reduced growth, smaller head size and mental retardation. 
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5 . 3 Genetic Effects 

Any discussion of the genetic effects requires at least an elementary 
knowledge of genetics and the Mendelian laws of inheritance. Scientific 
progress in the field of genetics has been revolutionary in the past 20 
years. A comprehensive consideration of the genetic effects of radia- 
tion is beyond the expertise of this contributor, and beyond the scope 
of this project. In the following brief discussion, no more is at- 
tempted that to present a basic understanding of the subject, and to 
indicate the major conclusions resulting from a number of specific 
studies and from more detailed assessments made by experts in the field, 
Reference is made, in particular, to: 

iCRP PubUcation No. 6, 1969 (1) 
NAS BEIR Report, 1972 (4) 
UNSCEAR, 1972 (5) 

The essential characteristics of any animal species are passed from one 
generation to the next by the chromosomes in the nuclei of the germ 
ceOs. In humans, somatic cells normally contain 46 chromosomes, half 
of which are derived from the father and half from the mother. Since 
somatic cells contain two matching sets (each of 23 chromosomes) they 
are said to be diploid. Germ ceils (the ova and spermatazoa) each 
contain 1 set of 23 chromosomes and are therefore haploid . 

Each somatic cell contains 2 sex chromosomes, an X and a Y chromosome in 
the case of males and 2 X chromosomes in females. During germ cell 
formation, when the chromosome count is halved, each ovum will receive 
an X chromosome from the mother, but a spermatazoon may receive either 
an X or a Y chromosome from the father. During conception, the combin- 
ation of a Y chromosome from the sperm with an X chromosome from the 
ovum wiU produce a zygote with an XY combination, resulting in a male. 
Combination of an X chromosome from the sperm with an X chromosome from 
the ovum produces an XX zygote or female. The 22 pairs of chromosomes 
which are not sex chromosomes are known as autosomal chromosomes. 

Occasionally a zygote may receive an extra chromosome (i.e. 47 chromo- 
somes in tirie case of humans) resulting in a condition known as trisomy. 
Or a zygote may receive one too few chromosomes, a condition known as 
monosomy. Monosomies and trisomies appear to be a major cause of spon- 
taneous abortion of early embryos. In addition, trisomies have been 
found to cause certain hereditary diseases such as Down's syndrome 
(monogolism). The trisomic XX Y combination is responsible for Kline- 
felter's syndrome. On the other hand, Turnei's syndrome has been found 
to be due to a monosomy with a single X chromosome present but no Y 
chromosome. 

When a number of chromosomes in a ceil is niiy number other than a mtilti- 
ple of the haploid number (i.e. occurs in monosomy and trisomy), the 
condition is known as aneuploitly 

Chromosome imbalance may also result from chromosome breakagt.'s. In the 
process of re-attachment of the pieces, there may be rearrangement of 
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the chromosomes. This causes no immediate abnormality, but leads to an 
increased frequency of unbalanced chromosome combinations in the next 
generation, frequently associated with physical deformities and mental 
retardation. Furthermore, the re-arranged chromosomes are heritable, so 
that the tendency to produce abnormal children is passed to succeeding 
generations. 

The information which is transmitted by the genes within the chromosome 
we shall call a trait. In the simplest forms of inheritance only one 
site on the chromosome carries the gene which produces the trait. 
However, in all cells except the germ cells the chromosomes occur in 
pairs, and there are thus two genes for each trait. If both chromosomes 
of a pair contain the same gene (e.g. BB), the organism is said to be 
homozygous with respect to that trait, and will manifest the trait. If 
the two genes for a particular trait differ (e.g. Bb) the organism is 
heterozygous. In such instances the organism wiU manifest the trait of 
only one of the two genes, and that gene is said to be dominant. The 
other is referred to as recessive. A recessive trait will only become 
manifest when two gametes, each carrying the recessive gene (b) unite to 
give a zygote with a (bb) combination. If two heterozygous individuals 
reproduce, one offspring will be homozygous (BB), two will be hetero- 
zygous (Bb), and one will be homozygous (bb). The first three, carrying 
the dominant (B) gene will all manifest the dominant trait; the fourth 
offspring, carrying the (bb) combination wiU manifest the recessive 
trait. 

Linkage is the term used to designate the association of two traits 
located on the same chromosome and therefore transmitted together. When 
the second trait is located on the X or Y chromosome it is said to be 
sex-linked. The X chromosome is much larger than the Y chromosome and 
may carry genes, either dominant or recessive, which are not represented 
on the Y chromosome. The combination of a recessive (x) chromosome with 
a Y chromosome results in a heterozygous (xY) male zygote which will 
manifest the recessive (x) trait, A female carrying the (xX) combina- 
tion wiU not show the recessive trait. A weU-known example of this 
kind of sex-linked recessive inheritance is haemophiUa, in which the 
trait for defective coagulation of the blood is transmitted to half the 
male offspring (xY zygotes). The other half of the male children will 
have the (XY) combination and will not manifest the trait nor transmit 
it, 

A dominant mutation manifests itself in the first generation and in each 
succeeding generation, regardless of sex. McKusick, 1971 (57) lists 415 
diseases or abnormalities which are believed to result from dominant 
mutations, and another 528 for which the evidence is less well esta- 
blished. Examples of dominant inherited diseases are Polydactyly 
(extra fingers and toes) and achondroplasia (short-limbed dwarfism). 
Recessive mutations, which requji-e that the mutant gene be present in 
duphcate in order to manifest the trait, may not be expressed for many 
generations, until two heterozygous individuals carrying the same mutant 
gene meet and reproduce. McKusick lists 385 recessive hereditary 
diseases, plus 418 in which the evidence is less certain. Among the 
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recessive diseases transmitted by autosomal chromosomes are sickle cell 
anaemia, cystic fibrosis and Tay-Sach's disease. As mentioned, haemo- 
philia results from a recessive mutation located on the X chromosome. 
X-lined recessive mutations are nearly always expressed only in males. 

Before considering' the dose-response relationships between ionizing 
radiation and genetic effects, it is convenient at this point to mention 
the possible mutational effects resulting from the transmutation of 
those radioisotopes that are incorporated into the DNA molecule. These 
isotopes are tritium-3 which transmutes to helium, carbon-14 which 
transmutes to nitrogen, and phosphorus-32 which transmutes to sulphur. 

All three isotopes are beta emitters. The BEIR. 1972 (4) report has 
assessed the evidence available to 1971 and concluded that, while trans- 
mutation of these isotopes can result in DNA strand breakage and in some 
cases definite mutations, the effect of the beta radiations far out- 
weighs any contribution from transmutation effects. 

Most of our knowledge concerning the dose-response relationships between 
ionizing radiation and genetic effects come from studies of fruit flies 
(Drosophila) and mice followed over many generations. Comparable infor- 
mation is, of course, not available for humans. The mouse experiments 
are therefore of particular relevance. 

A number of parameters have been used as possible indicators of genetic 
damage in human populations: 

1. Sex ratio at birth (i.e. male/female birth ratio) 

2. Frequency of stillbirths 

3. Frequency of infant deaths 

4. Frequency of abnormalities 

5. Birthweights 

S. Anthropometric measurements 

The effect of radiation on sex ratio is explained as follows. If the 
mothers receive irradiation, X-linked lethal mutations will be expressed 
only in males, resulting in a decrease in male births and a decrease in 
the sex ratio. If the fathers receive irradiation, dominant X-linked 
lethal mutations wUl be expressed in the daughters, resulting in a 
relative decrease in female births and an increased sex ratio. 

From studies of human populations, such as the Japanese who were exposed 
during the atomic bombings (15) and persons living in regions of high 
natural radioactivity such as on the monazite sands in Brazil (58), 
there is no direct evidence of genetic effects, even at high doses. 
Similarly, animal experiments in which mice were exposed to high doses 
of radiations (200 rems per generation) for as many as 45 generations 
have failed to show any effect in the offspring as measured by morta- 
lity, lifetime survival, fertility, growth, or other abnormalities 
attributable to radiation (59). 



TABLE 5.4 

Estimated effects of radiation for specific genetic damage. The range of estimates is based on doubling 
doses of 20 and 200 rem. The values given are the expected numbers per million live births. 



Current incidence 
per million live 
births 



Number 
that are 

new 
mutants 



Effect of 5 rem 
per generation 
First Equili- 
generation brium 



Autosomal dominant traits 
X-chromosome-linked traits 
Recessive traits 



10,000 
400 
1,500 



2,000 
65 

7 



50-500 

0-15 
very few 



250-2,500 

10-100 
very slow 
increase 



FROM: NAS-BEIR, 1972 (4) 
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However, such studies are believed to reveal only part of the total 
genetic damage. Thus, increased mutation rates have been produced in 
mice in which the spermatagonia and mature oocytes were irradiated. 
These studies showed that the mutational effects of irradiation at low 
dose levels, or protracted over time, are much less than those from 
high-level, brief exposures. With chronic irradiation exposures the 
frequency of gene mutations in mature mouse oocytes was only about one- 
twentieth that occurring after acute radiation exposure. Irradiated 
male mice which received 0.8 roentgens per minute to the spermatagonia 
had one-fourth to one-third the number of mutations that mice receiving 
90 roentgens per minute had. There was no further reduction in the 
mutation rate when the dose rate was decreased to 0.009 roentgens per 
minute, nor any further increase when the dose rate was increased to 
1,000 roentgens per minute. This dose rate effect is thought to reflect 
repair mechanisms within the cell, but which are overwhelmed at high 
dose rates. It also suggests that a practical threshold may exist for 
genetic effects . 

Review of the animal studies indicates that the evidence for a dose- 
response relationship for genetic effects is so overwhelming that it 
must be assumed that humans are affected in much the same way. 

After reviewing all the human and animal evidence available to 1971 , the 
BEIR, 1972 (4) report concluded that the doubling dose of ionizing 
radiation (i.e. the dose of radiation which would produce mutations at a 
rate equal to that for spontaneous mutations in a population) was in the 
range of 20 to 200 rems per exposed person. From this it is assumed 
that a 1% increase in the mutation rate wiD be produced by exposure to 
0.5 to 5 rems. Table 5.4, from the BEIR report, shows the estimated 
effects of radiation for specific types of genetic damage. 

In Table 5.5, Newcombe, 1976 (73) shows risk estimates for the induction 
of hereditiary diseases by irradiation of the germ cells , together with 
an indication of the degree of uncertainty associated with each esti- 
mate. Newcombe also notes that revised estimates of genetic risks should 
appear in the forthcoming UNSCEAR report of 1977, and that it is ex- 
pected that they will be somewhat less than those shown in Table 5.5. 
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r> . 4 Epide miological Studies 

The foregoing section on Health Effects, particularly Section r^.'A deal- 
ing with Delayed Effects, contains reference to much of the epidemiolo- 
gical literature on the effects of exposure of humans to hig-h doses of 
ionizing radiation, as well as reference to ;» smaller number of studies 
(16, 17, 32, 46. 49, 50, 51, 52. 55, 58) in which thi' exposure was to 
low doses and/or low dose rates. Most of the studies, whether of high 
dose or low dose effects, concerned exposure received either occupa- 
tionally or in the process of diagnostic radiology or radiotherapy. No 
attempt has been made to review all epidemiological studies of the 
effects of low dose and low dose rate exposure or to evaluate their 
findings. There are a number of other reports in the literature, e.g. 
lung cancer in British hematite miners (60) and the study of Frigerio et 
al, 1973 (61) on the carcinogenic hazard from low-level, low-rate radia- 
tion, to mention only two. A comprehensive review of the literature in 
this field, with careful evaluation of the findings, whether positive or 
negative, would in our opinion assist in the formulation of policy 
respecting the control of occupational and environmental sources of 
exposure. 

With i-espect to the establishment of ;md participation in, future epi- 
demiological surveys, it should be borne in mind that: 

i) research on the harmful effects, both somatic and genetii.', of low 
doses and low dose rates of ionizing radiation is urgently needed; 

ii) the interval from first exposure to the development of effects is 
long, of the order of a decade or more, and the cumulative effects 
may not be fully apparent for many decades in the case of somatic 
injury, or for at least five or more generations in the case of 
recessive genetic mutations; 

iii) the lower the level of response to be measured the larger must be 
the size of the population studies (see Table 5.1); 

iv) the response must be related to accurate measurements or estimates 
of the cumulative exposure, thus rt-quiring a considerable expendi- 
ture of time and effort in environmental sampling; 

v) as far as it is possible to do so. tht.^ design of the bui-vey must 
attempt to control for other variables which are known or suspected 
to affect the magnitude or type of the response, e.g. age, ciga- 
rette hmoking. concomitant exposure to other chemical or physical 
agents, socio-economic status, racial or genetic susceptibihty , 
etc . ; 

vi) th(/ co-operation of other agencies or facilities will be needed, 
t^.g. Statistics Canada or company insurance carriers for records of 
mortality for long-term follow-up studies, or chemical and labora- 
tory facilities for the examination of exposed persons; 



TABLE 5.5 

RISK ESTIMATION FOR THE INDUCTION OF HEREDITARY DISEASES 
BY IRRADIATION OF GERM CELLS 

(Adapted from UN5CEAR 1972, p 7, EEIR 1972, p 57, and POCHIN, 1976, p 34) 

Kind of Natural Cases Uncertainty Notes 

hereditary incidence per lO'' 

disease per 100 man rem 

liveborn 



Dominant 1 100 t'!' 3) 



Chromosomal and recessive 1 ^' 2 

i 200 ( 10) 



Congenital malformations 2.5 ) S 



Constitutional and 1.5 

degenerative 



Total 6. 300 (^ 5) 



FROM: NEWCOMBE, 1976 (53) 

1) Assuming 1 rem causes a 1 percent increase m the mutation rate of man, as it 
does in the mutation rate of the mouse, this figure would be 100. The un- 
certainty arises partly in extrapolating from mouse to man, and partly 
because the natural incidence of serious dominant disease in man has not been 
accurately measured. About 1/5 of the cases arising over all time due to ex- 
posure of a single generation (i.e. 1/5 of the number tabulated) would appear 
in the first post-irradiation generation. 

2) Little, if any, increase in these diseases would be expected. 

3) No increase in these diseases has been observed m laboratory mammals as 
a result of irsadiation, and it is not at all clear that any would be 
expected, hence the high degree of uncertainty. If an increase did occur, 
exceedingly few of the total additional cases would appear in any single 

post-irradiation generation. 

4) Although the confidence limits on the total of 300 cases per million man rem 
are wide, it is more likely that the true number is less than 300 rathei 
than more . 



1 



^ J 



vii) such studies are expensive. 

This is not to discourage such studies, but to emphasize the care re- 
quired in their planning, and the effort and expense involved if mean- 
ingful results are to be obtained. 






5 . 5 RadiotQxicily of Selected Radionuc lides 

Chemical toxicity may be defined as the ability of a chemical compound 
to produce injury or exert an adverse effect on a biological system when 
it reaches a vulnerable or susceptible site in or on the body . The 
major factor that determines the degree of harmfulness of the compound 
is the dose of that compound. For compounds taken into the body over a 
period of time, the dose is the product of the rate of intake and the 
duration of intake, or time. The rate of intake of the compound is, in 
turn, the product of the concentration of the compound in the medium 
entering the body (air, water, food, etc.) and the amount of the medium 
taken in a specified period. 

The result of intake of a chemical is a gi'aded response which is related 
to progressive changes in dose. Of fundamental importance in assessing 
chemical toxicity is a knowledge of the relationships which exist bet- 
ween the dose of the chemical ;ind the resjtonsc that is obtained. 

Radiotoxicity has been defined as the ability of the nuclide to produce 
injury, by virtue of its emitted radiations, when incorporated into the 
body, All of the statements in the preceding two paragraphs concerning 
chemical toxicity apply as well to radiotoxicity. The two forms of 
toxicity differ primarily in the nature of the body's response following 
incorporation in the body . 

There are other similarities in the toxicological features governing the 
two forms of toxicity. The body does not distinguish between radio- 
active and stable isotopes; the biochemical reactions, physiology and 
metabohsm are the same for both. Absorption of a compound from the 
gastro-intestinal or respiratory tracts, its concentration in the blood, 
its selective concentration in various organs, the metabolic pathways 
and detoxification mechanisms and its excretion via the liver or kidneys 
are not intrinsically different for radioactive or stable isotopes. 
Radiotoxicity differs from chemical toxicity in that , in addition to 
their inherent chemical toxicity, radioa(rrive compounds produce injur- 
ious or adverse effects by their emitted radiations Only when the 
extent of the radiogenic injury is great enough to interfere with normal 
biochemical and metaboUc reactions in the body , as for example by 
interference in enzyme systems or by destruction of tissue, will the 
metabolism of radioactive compounds differ from that of stable com- 
pounds. 

For the majority of radioactive isotopes, the limiting dose and maximum 
permissible rate of intake are determined by the risk of radiogenic 
injury, rather than by their chemical toxicity. The most important 
exceptions are natural uranium and soluble forms of uranium-238, 
uranium-236 and uranium-235 (62). For isotopes with very low specific 
activities and very long radioactive half-lives (e.g. rubidium-87, 
indium- 115), the limiting dose and maximum rate of intake are determined 
by their chemical toxicity. 

When radioactive elements are ingested or inhaled or enter the body by 
absorption through the skin, the proportion which enters the blood 
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stream varies, depending on many factors including the element involved, 
the chemical composition of the molecules, particle size and density, 
solubility in body fluids, route of absorption, etc. As a rule, a 
greater proportion of ingested materials pass through the body un- 
absorbed than is the case after inhalation. Following absorption into 
the blood stream or incorporation or fixation in the lung tissues, some 
radioisotopes are eliminated relatively quickly, via the kidneys or 
liver. Others tend to concentrate in certain organs of tissues; for 
example, iodine- 131 in the thyroid, radium-226 and strontium-90 in the 
bone and lead-210 in the kidneys. For a given radionuclide, the criti- 
cal body organ is that organ of the body whose damage by radiation 
results in the greatest damage to the body. With very few exceptions it 
is the organ with the highest concentration of the radionuclide. If the 
isotope tends to concentrate in the soft tissues and muscles generally, 
such as cesium- 137, the whole body may be regarded as the critical 
organ. Strictly speaking, determination of the critical organ for a 
given radionuclide depends on the following criteria: 

i) the organ that concentrates the greatest quantity of the 

nuclide 

il) the dependence of the rest of the body on the particular organ 

or tissue 

iii) the radiosensitivity of the organ or tissue. 

For isotopes which are not concentrated in any specific organ but which 
are spread generally throughout the body tissues, such as tritium, the 
body as a whole may be regarded as the critical organ. 

The risk of radiogenic injury from an inhaled or ingested radioisotope 
is determined by the dose equivalent in rems delivered to the critical 
organ. This, in turn, is dependent on the amount of the isotope in the 
critical organ and the quality of its radiation, including such factors 
as the relative biological effectiveness (RBE) and the relative damage 
factor, n. The amount of the isotope in the critical organ at any given 
time is called the body burden . 

Because more was known from clinical observations of the dose-response 
relationships for radium than for any other internally-deposited nu- 
clide, radium was chosen as the standard for estabhshing permissible 
body burdens for other boneseeking radionuclides . An empirically 
derived standard of 0.1 pCi of radium fixed in the body was recommended 
as the maximum permissible body burden (MPBB) in 1950. The dose from 
this amount of radium and its daughters averages about 0.56 rems per 
week, or about 0.06 rads per week, to the skeleton. From the 0.1 fjCi 
standard for radium and knowledge of the types and energies of radiation 
emitted by other bone-seeking isotopes, such as strontium-90, and of the 
fraction of the isotopes in the critical organ in relation to the amount 
in the whole body, MPBB's have been established for a number of other 
nuclides. 

For isotopes which concentrate in organs other than the bone, or are 
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distributed throughout the body, a ralculalion is made ol the lai-gest 
amount (MPBB) of the isotope in question which will nol deliver a dose 
equivalent to the critical organ exceeding (3.3 rems per week. (A more 
flexible limiting dose is provided by the International Atomic Energy 
Agency, based on variations in the radiosensitivity of the body organs.) 
In the IAEA model, the limiting dose may be 0.1, 0.3 or 0,6 rems per 
week depending on the critical body organ (63). 

The mathematics used for calculating the MPBB for an isotope are de- 
tailed in ICRP, 1960 (64), or a brief example may be found in Eisenbud, 
1973 (12), 

The maximum permissible concentrations for a radionuclide in air (MPC ) 
and in water (MPC ) are derived from the MPBB's. The maximum permis- 
sible concentration^ may be defined as the smallest concentration of a 
radionuclide in air, water or food that, when taken into the body, will 
deliver a dose equivalent of 0.3 rems per week to the critical organ 
after 50 years of occupational exposure. It is assumed in the ICRP 
calculations that the nuclides accumulate in the critical body organ at 
a rate determined by the amount present in the air, water or food, the 
rate of ingestion or inhalation, the rate of metabolic Transfer to the 
critical organ, and the rate of elimination of the nuclide from the 
body. 

Radiation from internally deposited sources decreases with time as the 
result of radioactive decay and biological elimination. The rate of 
biological elimination varies widely from element to element, just as 
the radioactive decay rate varies from isotope to isotope. The rate of 
elimination can be stated in terms of its biological half-life. i.e. the 
time required for the body to eliminate one-half of the administered 
quantity of a substance by regular processes of excretion. Stating the 
elimination in terms of biological half-life is equivalent to saying 
that elimination follows an exponential curve. 

The net effect of combining -the biological half-life and the physical 
half-life gives the effective half- life for each radionuclide, i.e. the 
period of time required for the radioactivity of the nucUde in the body 
or organ to fall to half of its original value. (See ICRP 1960 (64) for 
formulae) 

The fraction of a radionuclide taken into the body by ingestion which is 
transferred to the critical organ (f^). together with f^ which is the 
fraction of radionuclide taken into the body by inhalation which reaches 
the critical organ, are the principal metabolic parameters used in 
calculating the MPBB and MPC, and MPC^ for each isotope. Values for the 
various metaboUc parameters^ for each isotope, and other necessary 
physiological and anatomical data defining the "standard man" (e.g. 
amounts of food, water and air intake per day, lung areas and respira- 
tory volumes, etc.), are given in ICRP, I960 (64) together with equa- 
tions for calculating the MPBB's and MPC's for air and water. 

Assuming that the elimination of radionuclide is exponential, the body 
burden may be expressed by the equation 



5-29 



m^ = A e-"^l^e^^ 

where R is the fraction retained t days after injection of an 
isotope, 

A is the fraction of the injected isotope remaining 
at the end of unit time, 

n is a constant, 

e is the base of the natural logarithm. 

However, for certain organs, particularly bone, it has been found that 
the fraction of the body burden excreted per day is best represented by 
a power function . Following a single injection of certain 

radionuclides, the body burden is expressed by the equation 

JL s A t"*^ 

t 

Since ingested or inhaled radionuclides may not be retained to the same 
degree as injected isotopes, the calculation of the body burden using 
the power function is modified by the introduction of the appropriate 
metabolic parameters, e.g. f , , the fraction of ingested isotope reaching 
the blood stream . 

The ICRP method of computing the MFC's in air and water is based on the 
exponential model for the accumulation of a radionuclide in the critical 
organ. From the MPBB the maximum daily intake, P, is first calculated 



from the equation 



MPBB 



P (1 - e"-*^*) 



where A = 0.693/T and T is the effective half-life. 

The MPC's for air and water are then calculated from the maximum permis- 
sible body intake using the various parameters provided by the defini- 
tion of the standard man. Again, detailed calculations are shown in 
ICRP, 1960 (64) and an example is shown in Eisenbud, 1973 (12). 

The radionuclides of greatest concern for environmental protection are 
shown in Table 5.6 in order of increasing mass number, together with 
their physical and biological half-lives, the mode of exposure, the 
critical body organ and the MPC and MPC for each isotope. The MPC's 
shown are one-tenth that calculated by the ICRP for occupational expo- 
sure and apply to persons living in the vicinity of "controlled areas", 
i.e. in the neighbourhood of nuclear reactor facilities, uranium mills, 
refineries, etc. For each isotope, the most restrictive MPC has been 
chosen, as determined by body organ and solubility of the isotope com- 
pound. 
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It will be seen that soluble thorium-230 in air has the most restrictive 
MPC (8 X 10~^ pCi per litre), and that the gas radon-222 is approxi- 
mately 10 times more radiotoxic than thoron (radon-220). Comparison of 
the values shown thus gives an indication of the relative toxicity of 
the isotopes Listed. MFC's have also been derived for certain long-lived 
isotopes of strontium, radium, plutonium and uranium by the ICRP using 
the power function model of elimination (64). For the nuclides examined, 
the power function model gave somewhat higher estimates of the MPC 
values than does the exponential model. The use of MFC's derived 
from the exponential model thus appears to give more conservative va- 
lues for use in radiation protection . 

Attention is drawn to a number of ICRP reports which are at present in 
preparation . These will deal with : 

1. Planned and unplanned releases of radioactive materials into 
the environment, 

2. Radon, thoron and their daughter products. 

3 . Radionuclide decay schemes , 

4. Problems involved in developing an index of harm, 

5. Limits of intake for radionuclides. 



isotope 



K-40 



Co-60 



Sr-89 



Sr-90 



1-131 



Cs-137 



Pb-210 



Rn-220 





Most Restrictive 
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air 
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Radiation Protection Criteria Q 



Introduction 



Partially as the result of the increasing use of nuclear energy, and par- 
tially as a result of elevated levels of natural radioactivity in hous- 
ing, there is considerable interest in the adequacy of existing radia- 
tion protection criteria. In Canada, the Atomic Energy Control Board 
(AECB) is responsible for regulating the production, application and use 
of all aspects of atomic energy. Under proposed new legislation, which 
has been introduced in the Commons, the Nuclear Control Board (NCB) 
would replace the AECB and assume responsibility for enforcement of 
regulations dealing with health, safety, security and environmental 
matters. The promotional aspects of nuclear energy would continue 
to be directed by the Department of Energy, Mines and Resources. 

The Canadian regulations for radiation protection are based on the 
recommendations of an international body - The International Commission 
on Radiological Protection (ICRP). Since the Canadian regulations are 
based on the recommendations of the ICRP, the following section will 
outUne some of the more important developments in these radiation 
protection standards, and the existing Canadian standards. 
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6.1 Historical Evolution 

The ICRP was first established as the International Committee of X-ray 
and Radium protection under the auspices of the Second International 
Conference of Radiology held in Stockholm in 1928. This committee was 
charged with "formulating recommendations for the protection of the 
members of the Congress in the practice of their Art and Science" (1). 
It has been noted in the literature, that, "In fact, from 1896 until 
about 1956, it could be said that the major attention for all of the 
established radiation protection bodies was directed to what we could 
classify as occupational exposure. Beginning about the mid-1950's, 
major attention began to be directed toward exposure of the public, 
largely as a result of the possible deleterious radiation effects of 
weapons testing" (2). 

During the 1950's, a number of organizations undertook intensive eval- 
uations of the problems of population exposure particularly with regard 
to genetic effects. The most recent recommendation of the ICRP suggests 
that "Radiation protection is concerned with the protection of indivi- 
duals, their progeny and mankind as a whole while still allowing neces- 
sary activities from which radiation exposure might result." (3, 
Para 6). Furthermore, the ICRP states that the aim of radiation pro- 
tection should be "to prevent detrimental, non-stochastic effects and 
Limit the probability of stochastic effects to levels deemed to be 
acceptable" (3, Para 9). This clearly suggests that quantitative 
radiation protection standards cannot be estabUshed on the basis of 
scientific evidence alone, but must of necessity require an evaluation 
of many societal factors , such as pohtics , economics , morality , 
national defence, the indirect prevention of other kinds of injury, (eg. 
from alternative fuel cycles), the national well-being, etc. 

In order to clarify this aspect of the basis for setting radiation 
protection standards, it is appropriate to digress and briefly discuss 
the concept of risk. Everyone is continuously subject to risks from 
well-known environmental hazards such as arsenic, vinyl chloride and 
atmospheric particulates . People are also exposed to potential hazards 
from natural and manmade radiation. There does, however, appear to be a 
difference in the way in which the public perceives the risks associated 
with exposure to radioactivity from the risks associated with other 
environmental contaminants. The ICRP (3. Para. 118) suggest that, based 
on their review of available information related to risks regularly 
accepted in everyday life, a probability of fatal risks to the general 
public in the order of lO'^ to 10~^ per year "would Ukely be acceptable 
to any individual member of the public" (3, Para. 118). 

The estimated risk of dying from radiation-induced cancers (about 1 per 
100,000) (3, Para. 60) which arises from exposure to 100 mrem per year 
of radioactivity is approximately equivalent to the risk of dying by 
being struck by a bolt of hghtning or by being electrocuted. Further 
data on everyday risks to which people arc exposed is summarized in 
Table 6.1. it is worth noting that there is a considerable amount of 
pubUshed data concerning comparisons between the risk associnled with 
alternate fuel cycles (eg. 4) and thus, it is important that indirect 



TABLE 6.1 (5) 



AVERAGE 


RISK OF VARIOUS CAUSES OF FATALITY 




Total 


Individual Chance 


Accident Type 


Number 

55,791 




Per Year 


Motor Vehicles 




in 


4,000 


Falls 


17,827 




in 


10,000 


Fires and 










Hot Substances 


7,451 




in 


25,000 


Drowning 


6,181 




in 


30,000 


Firearms 


2,309 




in 


100,000 


Air Travel 


1,778 




in 


100,000 


Falling Objects 


1,271 




in 


160,000 


Electrocution 


1,148 




in 


160,000 


Lightning 


160 




in 


2,000,000 


Tornadoes 


91 




in 


2,500,00 


Hurricanes 


93 




in 


2,500,000 


All Accidents 


111,992 




in 


1,500 


Nuclear Reactor 










Accidents 










(100 plants) 




1 


in 


5,000,000,00< 
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consequences associated with potential over-regulation of the nuclear 
program should be taken into account in decisions as to the optimum 
source of increased power production . 

Up to the 1920's and early 1930's, the idea of a "tolerance" dose of 
radiation was based on the production of skin erythema (reddening of the 
skin, similar to mild sunburn). This particular biological response to 
ionizing radiation was of special interest in that it is a threshold- 
type phenomenon and it is dose- rate dependant. "Because there was a 
threshold below which erythema was not produced, it is natural to think 
that there could be a tolerance dose for other biological responses to 
x-rays below which no effect would be produced. Because of the clearly 
demonstrated recovery factor, when dose to skin was fractionated in 
time, it was natural to think, too, that a daily tolerable dose might be 
repeated regardless of the total dose in a lifetime" (1). By 1934, the 
ICRP had recommended a tolerance dose of 0.2 R/day. In the United 
States, the National Commission on Radiological Protection (NCR?) had 
"reviewed the basic data and since the errors in this data were so 
large, had rounded the tolerance dose down to 0.1 R/day" (2). It is 
important to note, that for the first time, there was a quantitive value 
for a permissible radiation dose for radiation workers. It is worth 
noting that all values for permissible dose to radiation workers up to 
the present have been derived from these early proposals. "Out of aD 
of this it is essential to note that through all of this work there has 
been no injury or effect of any kind observed among people who might 
have been exposed to such levels of radiation. It is therefore crucial 
to our understanding to reahze that any translation from that early 
background to our present number system has been derived on the basis of 
the exercise of good judgment" (2). 

In 1949, the NCR? reviewed the radiation exposure problem in view of the 
large changes which were expected to occur as a result of the discovery 
of atomic energy. Principally, because many more people were expected 
to be exposed in a wide variety of ways , the NCRP recommended lowering 
the permissible dose to radiation workers from 0.1 R/day to 0.3 R/week. 
roughly a factor of 2 (2). The ICRP recommended continued use of the 
basic value of the permissible dose of 0.3 R/week for whole body radia- 
tion of radiation workers in 1953. Industry, as a matter of practice, 
has been setting its administrative permissible levels substantially 
lower than the regulatory levels so as to avoid the possibihty of 
overrun. "This practice has led to a situation where each time, and for 
whatever reason, there may be some pressure to lower the exposure levels, 
it can usually be shown that this lowering would not exert any hardship 
on industry because they are already maintaining lower exposure levels." 
(2), It must be noted, however, that each time the exposure standards 
are lowered, there is a concomitant associated cost which is, of neces- 
sity, passed on to the consumer, 

With regard to the Canadian situation, it is apparent that the Ontario 
Hydro operating objective, whereby Ontario Hydro attempts to operate its 
nuclear reactors such that the critically exposed individual receives no 
more than about 1% of the regulatory dose limit, appears to have been 
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adopted by the regulatory bodies as a de-facto regulatory objective (at 
least in the public's mind). 

By 1958, the ICRP had given special recognition to the problem of 
radiation exposure to the general population. "The ICRP discussion of 
genetic dose problem was expressed in somewhat tentative terms because 
it was obvious that no group had yet had time to really evaluate British 
and American reports in depth. In concept, the permissible genetic dose 
was defined as that dose, which if it were received by each person from 
conception to the age of child-bearing, would result in an acceptable 
burden to the whole population. The report then went on to indicate 
that the genetic dose to the population could be assessed as the annual 
genetically significant dose multiplied by the mean age of child-bearing 
which, for the purpose of their recommendation, would be taken as 30 
years." (6) It was suggested that the genetic dose for the whole popu- 
lation from all sources additional to natural background should not 
exceed 5 rems plus the lowest practicable contribution from medical 
exposure. This meant 5 rems distributed over a 30-year period. 

In its most recent recommendation, the ICRP concluded that "It has 
become increasingly clear that the previously suggested level is not 
likely to be reached and it is very improbable that responsible authori- 
ties would permit the average dose equivalent in a population to reach 
values that are more than small fractions of the former genetic dose 
limit of 5 rem in 30 years. Therefore, continuance of the former gene- 
tic dose limit could be regarded as suggesting the acceptability of a 
higher population exposure than is either necessary or probable." (3, 
Para- 129) 

The ICRP recommendations also state that "each man-made contribution to 
population exposure has to be justified by its benefits and that limits 
for individual members of the pubhc refer to the total dose equivalent 
received from all sources". (3. Para. 130) 'All sources' in relation to 
dose equivalents limits, does not include contributions from medical 
procedures or from normal, natural radiation. (3, Para. 83) In summary, 
then, the ICRP recommended the continued use of the whole body dose 
equivalent limit of 0.5 rem/year as applied to critical members of the 
general pubhc. 
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6. 2 Philosophy of Radiation Protection Criteria 

In essence, the current philosophy of radiation protection appears to be 
a system of dose limitation in which all radiation exposures are kept As 
Low As Reasonably Achievable, economic and social factors being taken 
into account - the ALARA principle (eg. ICRP 26, 3). 

Implicit in such a system of dose limitation is the requirement that it 
is necessary to make value judgements comparing the human health costs 
associated with radiation exposure to various economic and social bene- 
fits. Unfortunately, many of the important problems facing the decision- 
maker today are those for which there is very little data, such as the 
effect of today's radiation exposure ten or twenty generations in the 
future, the consequences of a nuclear accident, or the build-up of 
nuclear waste. In cases such as these, benefit cost analyses cannot be 
done in terms of dollars or other common units but rather must identify 
issues and study the possible extreme ranges of benefits or costs ari^ 
sing from a given course of action. 

In undertaking such analyses, or in assessing the risks associated with 
radiation exposure, it is conventional to use linear extrapolations of 
dose and effect. It is important to emphasize however, that, "the use 
of linear extrapolations from the frequency of effects observed at high 
doses may suffice to assess an upper limit of risk, with which the 
benefit of a practice, or the hazard of an alternative practice - not 
involving radiation exposure - may be compared. However, the more 
cautious such an assumption of linearity is, the more important it 
becomes to recognize that it may lead to an over-estimate of the radia- 
tion risk, which in turn could result in a choice of alternatives that 
are more hazardous than practices involving radiation exposures. Thus, 
in the choice of alternative practices, radiation risk estimates should 
be used only with great caution and with explicit recognition of the 
possibility that the actual risk at low doses may be lower than that 
implied by a deliberately cautious assumption of proportionality." (3, 
Para. 30) 
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6.3 Radiation Dose Limits For The Public 

The AECB has issued radiation dose limits based on the recommendations 
of the ICRP. The dose limits for a member of the public at large are 
set at one-tenth (1/10) of the limit for a radiation worker. These 
limits, shown in Table 6.2, do not apply to exposure to radiation ari- 
sing from natural sources of radioactivity or from medical exposures. 
Both internal and external sources of exposure to radiation are taken 
into account in estimating radiation doses. 

It is often necessary to provide limits associated with quantities other 
than dose equivalents particularly when dealing with environmental 
situations. When such limits are related to the basic dose limits by a 
specified model which reflects both the environmental situation and the 
basic limits, they are called derived limits. For example, derived 
limits can be set for quantities such as dose equivalent rate in the 
work place, at home, etc. or in terms of maximum permissible concentra- 
tions of various radioisotopes in the air or in the water, or some 
fraction thereof, which can be taken as some form of investigation or 
action level. Ontario Hydro, for example, has developed a system of 
derived release limits for controlling the radiation doses arising from 
the gaseous and liquid effluent from its nuclear generating stations 
(8). Provided effluents from nuclear stations are maintained at or 
below the desired level, the radiation dose to members of the public 
living at the station boundary will also be at or below the regulatory 
limit. 



TABLE 6.2 

RADIATION DOSE LIMITS FOR 
AN INDIVIDUAL MEMBER OF THE PUBLIC (a) 



Organ, Tissue 

Whole Body, Gonads, Bone Hairrow 

Bone, Skin, Thyroid 

Any Tissue of Hands, Forearms, 
Feet and Ankles 

Other Single Organs or Tissues 



Current Standard 
mrem/y 



(b) 



500 
3000 

7500 
1500 



(c) 



RADON DAUGHTER EXPOSURE LIMIT 
FOR AN INDIVIDUAL MEMBER OF THE PUBLIC 



(d) 



Organ 
Lungs 



WLH/y 



(O 



0.4 



(a) Ref. 7 

(b) Current AECB objective for new facilities is to achievj 
1% of these limits. 

(c) For children under 16, the thyroid limit is 1500 mremf / . 

(d) Ref. 7 

(e) WLM/y = Working level months per year. 
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6.4 Summa ry and Discussion 

The ALARA principle of maintaining radiation doses at levels "as low as 
reasonably achievable, economic and social factors taken into account" is 
the basic tenet of the philosophy of radiation protection. A linear 
relation between radiation dose and response is conventionally used in 
estimating the potential risks associated with radiation exposure. This 
assumption may provide an overestimate of the actual risk and hence must 
be used with caution when comparing the risks associated with radiation 
exposure to other risks . 

Although the existing radiation protection standards are generally 
believed to provide an adequate margin of safety , some researchers 
believe that the present standards are too high by about one order of 
magnitude. For example, the recent study of Hanford workers suggests 
that there may be a greater risk from low levels of ionizing radiation 
than previously suspected (9). Other researchers have questioned this 
conclusion for a variety of reasons , including faulty epidemiology and 
inadequate dosimetry (10, 11, 12). Even if it is eventually estabhshed 
that the dose limits are too high, the risk to the general population 
would still be statistically small. Whether or not man-made radiation 
exposure would be 'acceptable' in such a setting would then (as now) 
depend on the pubhc's perception of radiation risks when compared to 
the effects of other environmental agents. 
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7 . 1 Monitoring Objectives 

The primary objective of radiological monitoring in the vicinity of nu- 
clear facilities is to obtain the information necessary for assessing 
the population radiation exposure. The monitoring data can also be used 
for other purposes such as determining compliance with regulations, 
identifying sources of specific contaminants, predicting trends, or for 
public relations. 

Environmental monitoring is generally oriented toward assessing the 
population dose from normal operations. Nevertheless, monitoring pro- 
grams should also provide a data base suitable for assessing radiation 
doses resulting from non-routine releases. 

In addition to direct radiation exposure from a nuclear facility or from 
ground shine from radionuclides deposited on the ground, it is necessary 
to determine the concentration of radionuclides present in the various 
ingestion and inhalation pathways (see Figure 1.5) and then use mathe- 
matical models to convert these concentrations to radiation doses. For 
many nuclear facilities the external dose and concentration of radio- 
nuclides in environmental media attributable to the nuclear facihty are 
within natural background variations. Even in this situation, it remains 
necessary to verify the adequacy of the computational models with field 
programs. 

In view of the large body of reports avaflable in the literature concern- 
ing the objectives of, and design of monitoring programs (e.g. 1, 2, 3, 
4) it is not felt necessary to elaborate further on this topic. It is 
perhaps appropriate, however, to briefly identify some of more important 
factors which may affect the design of a routine survey (monitormg 
program) for radioactivity or radiation outside the facility boundaries. 
These factors include: (4, Para. 25) 

"(a) The type of installation and the potential hazard associated 
with it. 

(b) The nuclides to be released, their activity, their physical 
and chemical form, and the method and route of release. 

(c) The existing or expected presence of these nuclides from other 
sources. 

(d) The behaviour of the released nuclides in the environment. 
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(e) Natural features of the environment which affect the behaviour 
of released nuclides, e.g. climate, topography, pedology, 
geology, hydrology and hydrography, and vegetative cover. 

(f) Man-made features of the environment which affect the beha- 
viour of released nuclides, e.g. reservoirs, regulated streams 
or rivers , and harbour installations . 

(g) The utilization of the environment for agriculture, fisheries, 
water and food supplies, industry and recreation. 

(Ji) The population distribution and habits . " 

It is also worth noting that pre-operational studies can provide infor- 
mation on those factors listed above for which satisfactory data does 
not already exist. With regard to motiiioring programs the principal 
objectives of pre-operational studies are: (4, Para. 26) 

"(a) Obtaining information on the critical nuclides, pathways and 
groups, thus leading to the design of the operational survey 
and to the provision of the quantitative basis for inter- 
preting the results in terms of the actual or potential expo- 
sure of man . 

(b) Providing information on the preoperational level of radiation 
and radioactivity in the environment, in cases where this 
information is helpful in interpreting operational surveys. 

(c) Testing and exercising operational survey methods and proce- 
dures . " 
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7.2 Ex is ti ng Monit ori ng Programs 

Nuclear installations are designed and operated to contain radioactive 
materials and radiation. Nevertheless, some release of radioactivity 
occurs to various environmental media, and the amounts and composition 
of the releases vary from installation to installation. Thus, the 
environmental pathways by which each of the released radionuclides 
reaches man depends not only on the type of facility, but also on the 
local environment. 

"Experience has shown that a study of the situation will indicate that 
certain nuclides and certain exposure pathways are much more important 
than others. These nuclides and pathways are designated 'critical' " 
(4, para. 14). Usually one or two groups of people will receive doses 
higher than those received by the average population as the result of 
living habits, location or age etc. Hence, the various environmental 
monitoring programs vary widely from facility to facility depending on 
emission characteristics, environmental pathways, and analysis and 
identification of critically exposed populations . 

Although it has not been possible, during this study, to obtain and 
compile actual monitoring data from operators of nuclear facilities in 
Ontario, an attempt was made to identify existing monitoring programs, 
and the parameters monitored. These data are summarized in Appendix II. 
To the extent possible, the environmental radioactivity program carried 
out in Ontario by the various regulatory agencies is also summarized in 
Appendix II, In addition, some data which describes the various nuclear 
operations and their concomitant effluents and emissions are also 
available in the literature. At the present time, we are not aware of 
any radiological monitoring of industrial facilities that use radio- 
isotopes . 

The AECB has established an environmental monitoring advisory committee 
to review the monitoring requirements for nuclear faciUties in Canada. 
This committee consists of representatives of universities, the Atomic 
Energy Control Board of Canada, Environment Canada, provincial agen- 
cies, independent consultants and the private sector. This committee 
has already reviewed a number of monitoring programs for new facilities. 
and is compiling an index of all radiological monitoring being conducted 
in Canada. This work is to be completed by the end of 1978, 
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7 . 3 Monitoring Procedures and Equipment . 

Although methods and equipment are continuously being improved, the 
analytical techniques used to identify radioactive elements are well 
established, as is instrumentation for radiological monitoring. An 
excellent reference book is "Instrumentation for Environmental Monitoring", 
a three volume set put out by the Lawrence Berkeley Lab. This volume is 
regularly updated and so contains the most recent technology avaOable. 
The reader is also referred to "Standard Methods for Examination of 
Water and Wastewater, 14th edition" published by A.W.W.A. in 1975, and 
to the bibliography appended to this report. 



I 
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GLOSSARY 



Activity: 



ALARA: 



Alpha 
Particle : 



Anion: 
Atom: 



Atomic Number: 



Atomic Weight: 
Btita Particle: 

Cation : 
Curie: 



Microcurie: 



The number of nuclear transformations 
given quantity of material per unit time. 



ofcurruig m a 



The current philosophy of radiation protection. This is 
a system of dose limitation in which all radiation 
exposures are kept as low as reasonably achievable, 
economic and social factors being taken into account. 



A charged particle emjited from the nucleus of an atom 
having a mass and charge equal in magnitude to a helium 
nucleus i.e., two protons and two neutrons. 

Negatively charged ion 

Smallest particle of an element which is capable of 
entering into a chemical reaction . 

The number of protons in the nucleus of a neutral atom 
of a nuclide. The "effective atomic number" is calcula- 
ted from the composition and atomic numbers of a com- 
pound or mixtui'e. An element of this atomic number 
would interact with the photons in the same way as the 
compound or mixture (Symbol Z). 

The weighted mean of the masses of the neutral atoms of 
an element expressed in atomic mass units. 

Charged particle emitted from the nucUu;> of an atom, 
with a mass and charge equal in magnitude to that of the 
electron . 

Positively charged ion. 

The special unit of a< 1 ivity . One curie equals 3.7 x 
10'*^ nuclear transformatitms per seirond (Abbreviated 
Ci). Several fractions of the curie are in common 
usage . 



One-miUionlh of a curie 
sec)(|jCi) 



(;i.7 X IC disintegrations per 
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Millicurie: 
Picocurie : 

Daughter: 

Decay , 
Radioactive : 



Decay 
Constant: 



Decay 
Product : 



One-thousandth of a curie (3.7 x 10' disinlegrations per 
sec)(mCi) 

One-millionth of a microcurie (3.7 x lO"'^ disintegra- 
tions per second or 2.22 disintegrations per minute) 
(pCi). 

Synonym for decay product. 



Disintegration of the nucleus of ;m unsl;)i>l(' nuclide by 
spontaneous emission of chargeti [varliclcs and/or elec- 
tromagnetic energy. 



The fraction of the number of atomb of m radioactive 
nuclide which decay in unit time (Symbol: \). 



A nuclide resulting from ihe radioactive disintegration 
of a radionuclide, formed either directly oi- as the 
result of successive transformations in a radioactive 
series, A decay product may be either radioactive or 
stable. 



Derived Release 
Limit: 



Dose: 



The DRL's are maximum limits for the radioactivity that 
may be released. They are derived from the maximum 
radiation dose permitted to an individual member of the 
public . 

A general form denoting the quantity of ladiation or 
energy absorbed. For special purposes it must be appro- 
priately qualified. If unqualified it refers to ab- 
sorbed dose. 



Absorbed Dose: The energy imparted to matter by ionizing radiation per 
unit mass of irradiated material at the place of inter- 
est. The unit of absoi'bed dose is the rad. One rad 
equals 100 ergs per gram. 



Cumulative 
Dose: 



Dose Equiva- 
lent (DE): 



The total 
radiation . 



dose resulting from repeated exposures to 



A (juanlity used in radiation protection. It expresses 
all rattiiitions on a commcMi scale for calculating the 
effective absorbed dose. It is ilefineti as the product 
of the absorbed dose in rads and certain modifying 
factors. The unit ol dose eijuivalenl is tlie rem. 
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Maximum Permis- 
sible Dose 
Equivalent 
(MPD): 



Permissible 
Dose: 



Threshold 
Dose : 



Dose Rate : 
Dosimeter: 

Electron : 

Element: 
End Product: 



The greatest dose equivalent that a person or specified 
part thereof shall be allowed to receive in a given 
period of time. 



The dose of radiation which may be received by an indi- 
vidual within a specified period with expectation of m. 
significantly harmful result. 



The minimum absorbed dose that will produce a detec- 
table degree of any given effect. 

Absorbed dose delivered per unit time. 

Instrument to detect and measure accumulated radiation 
exposure. 

A stable elementary particle having a negative electric: 
charge equal to 1.60210 x 10 ^^C. and a rest mass equal 
to 9.1091 X 10"^' kg. 

A category of atoms all of the same atomic number. 

The stable nuclide that is the final member of a radio- 
active series . 



Equilibrium, 
Radioactive; 



Fallout: 



Gamma Ray ; 



Gram-Rad: 

Half-Life, 
Biological: 



In a radioactive series, the state which prevails when 
the ratios between the amounts of successive members of 
the series remains constant. 

Radioactive del:iris from a nuclear detonation, which is 

airborne or which has been deposited on the earth 

Special forms of fallout are "Dry Fallout". "RainouV". 
and "Snowout" . 

Short wavelength eli;ctromagnetic radiation of nuclear 
origin (range of energy from 10 keV to 9 MeV) emitted 
from the nucleus . 

Unit of integral dose equal to 100 ergs. 



The time required for the body to eliminate one-half o( 
an administei'ed dosage of any substance by regulai- 
processes of elimination. Approximately the same for 
both stable and radioactive isotopes of a particulai' 
element . 
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Half-Life, 
Effective: 



Time required for n radioactive element in an animal 
body to be diminished 50 percent as a result of the 
combined action of radioactive decay and biological 
elimination. 



Effective 
half- life 



Half- life, 
Radioactive: 



Ion: 



Ionization : 



Isotopes: 



Mass Number: 



= Biological half-life x Ra dioactive half-life 
Biological half-Life + Radioactive half-life 



Time required for a radioactive substance to lose 50 
percent of its activity by decay. Each radionuclide has 
a unique half-Life. 

Atomic particle, atom, or chemical radical bearing an 
electrical charge, either positive or negative. 

The process by which a neutral atom or molecule ac- 
quires a positive or negative charge. 

Nuclides having the same number of protons in their 
nuclei, and hence the same atomic numbei', but differing 
in the number of neutrons , and therefore in the mass 
number. Almost identical chemical properties exist 
between isotopes of a particular element. The term 
should not be used as a synonym for nuclide . 

The number of nucleons (protons and neutrons) in the 
nucleus of an atom (Symbol: A) 



Molecular 
Weight: 



The sum of the atomic weights of ail the atoms in a 
molecule. 



Molecule : 



Muon: 



Nucleon : 



Nuclide: 



Smallest quantity of a compound which can exist by 
itself and retain all properties of the oi-iginal sub- 
stance. 

A meson is any one of several elementary particles 
having a mass intermediate between that of an electron 
and a proton, either a negative or a positive charge, 
and a spin of 1/2 or 0. A muon, oi- mu meson, is a 
specific meson having a mass approximately 207 times 
that of an electron, with positive or negative charge 
and spin of 1/2. 

Common name for a constituent particle of the nucleus. 
Applied to a proton or neutron . 

A species of atom characterized by the constitution of 
ith nucleus. The nuclear constitution i^ specified by 



the number of prot.ons(Z), number of neutrons(N), and 
energy content; or, alternatively, by the atomic 
numberCZ), mass number A = (N+Z). anti atomic mass. 
To be regarded as a distinct nuclide, the atom must be 
capable of existing for a measurable time. Thus, 
nuclear isomers are separate nuclides, whereas promptly 
decaying excited nuclear states and unstable interme- 
diates in nuclear reactions are not so considered. 



Parent: 



A radionuclide which, upon disintegi-ation , yields a 
specified nuclide - either directly or as a latei- 
member of a radioactive series. 



Positron : 



Proton ; 



Particle equal in mass to the electron and having an 
equal but positive charge. 

Elementary nuclear particle with a positive electric 
charge equal numerically to the charge of the electron 
and a mass of 1.007277 mass units. 



Quality 
Factor (QF) 



The linear-energy-transfer-dependent factor by which 
absorbed doses are multiplied to obtain (for radiation 
protection purposes) a quantity that expresses - on a 
common scale for all ionizing radiations - the effec- 
tiveness of the absorbed dose. 



Rad: 
Radiation ; 



The unit of absorbed dose equal to 0,01 J/kg in any 
medium. (See Absorbed Dose, )(Written: rad.) 

(1) The emission and propagation of energy thr'ough 
space or through a material medium in the form of 
waves; for instance, the emission and propagation of 
electromagnetic waves, or of sound and elastic waves. 

(2) The energy propagated through space or through a 
material medium as waves; for example, energy in the 
form of electromagnetic waves or of elastic waves. 
The term radiation or radiant energy . when unquali- 
fied . usually refers to electromagnetic radiation. 
Such radiation commonly is classified, according t<j 
frequency, as Hertzian, infra-red, visible (light). 
ultra-violet, x ray, and gamma ray. (See Photon.) 

(3) By extension, corpuscular emissions, such as alpha 
and beta radiation, or rays of mixed or unknown type. 
as cosmic radiation. 



Background 
Radiation : 



Background radiation due to cosmic rays and natural 
radioactivity is always present. Indoors, there may 
also be background radiation due to the presence of 
radioactive substances in other parts of the building, 
in the building material itself, etc. 
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External 
Radiation : 



Internal 
Radiation : 



Radioactivity 



Artificial 
Radioactivity : 



Induced 
Radioactivity: 



Natural 
Radioactivity: 

Rem: 



Rep: 
Roentgen(R): 



Series , Radio- 
active : 



Specific 
Activity ; 



Radiation from a source outside tho l>ody 
tion must penetrate the skin . 



the radia- 



Radiation from a source wilhin the body (hs a result 
of deposition of radionuclides in body tissues). 

The property of certain nuclides of spontaneously emit- 
ting particles or gamma radiation or of emitting x- 
radiation following orbital electron capture or of 
undergoing spontaneous fission. 



Manmade radioactivity produced by particle bombardment 
or electromagnetic irradiation , as ojiposed to natural 
radioactivity. 



Radioactivity produced in n substance after bombardment 
with neutrons or other particles. The resulting acti- 
vity is "natural radioactivity" if formed by nuclear 
reactions occurring in nature and "artificial radio- 
activity" if the reactions are caused by man. 



The property of radioactivity exhibited by more than 
fifty naturally occurring radionuclides. 

A special unit of dose equivalent. The dose equivalent 
in rems is numerically equal to the absorbed dose in 
rads multiplied by the quality factor, the distribution 
factor, and any other necessary modifying factors. 

An obsolete special unit of absorbed dose. 

The_special unit of exposui'e. One roentgen equals 2.S8 
X 10 ^ coulombs per kilogi'am of air. 



A succt'ssion of nurlides, each of vvliich transfoi'ms by 
radioactive disintegration into the next until a stable 
nuclide results. The first mcmbei' is called the 
"parent," the intei'mediate members are called 
"daughters," and the final stable member is called the 
"end product," 



Total activity of a given nuclide per 
compound, element, or radioactive nuclide. 



gram of a 



Al-7 



Working Level 
Month 



WLM/annum: 



A unit of integrated exposure. Breathing air with a 
concentration of 1 WL for the working hours in a month 
(taken as 170 hours) results in an exposure of 1 WLM. 

A unit of exposure rate. An exposure rate of 4 
WLM/annum will result from working 170 hours/month for 
12 months in an atmosphere with a daughter product 
concentration of 0.33 WL. 



X Rays: 



Penetrating electromagnetic radiations whose wave- 
lengths are shorter than those of visible light. They 
are usually produced by bombarding a metallic target 
with fast electrons in a high vacuum. In nuclear reac- 
tions, it is customary to refer to photons originating 
in the nucleus as gamma rays, and those originating in 
the extranuclear part of the atom as x rays. These rays 
are sometimes called roentgen rays after their disco- 
verer, W.C. Roentgen. 



Reference: 



Radiological Health Handbook - U.S. 
Education & Welfare, January, 1970. 
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( MONITORING PROGRAMS ) 



MONITORING INFORMATION SHEETS 



This is an attempt to summarize current, ongoing monitoring programs. 

Some completed programs have been included, when their results have not 

yet been pubUshed. Programs on the provincial, federal, international 
and industrial level have been included. 

Originally, the plan was to make summaries of the results of radiologi- 
cal environmental monitoring in Ontario. However, it soon became appa- 
rent that there was not enough time to obtain all of this information. 
It was then decided that a summary of all of such monitoring in Ontario 
would at least give interested readers a guide as to where to find 
relevant information. 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

Atmospheric Environment Service 
Fisheries and Environment Canada 
Health and Welfare Canada 
Department of National Defence 

PARAMETERS MONITORED: 

Joint Environmental 

Observational Networks - precipitation, soil and surface 

layer of air for garima, ion and 
isotope concentrations 

NO. OF STATIONS, LOCATION: 
36 in Canada 



SAMPLING FREQUENCY: 

At direction of agency concerned 

METHOD OF MONITORING: 
As appropriate 

USES OF DATA: 
Diverse 

AVAILABILITY OF DATA: 

International Atomic Energy Agency, World Meteorological 
Organization, Energy Research and Development Agency, 
Dept. of National Defence, National Health and 
Welfare 
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MONITORING tNFORMATION SHEET 



MONITORING AGENCY: 

Ministry of Natural Reisources and Ministry of the 

Environinent 



PARAMETERS MONITORED: 

Biological monitoring - see below* 

NO. OF STATION, LOCATION: 

In vicinity of Bruce Nuclear Station 

SAMPLING FREQUENCY: 1971-1974 

Vy 

METHOD OF MONITORING: 

- both ministries did the sampling 

- analysis at Radiation Protection Bureau 

USES OF DATA: 

- to provide pre-operational monitoring for Bruce 
Nuclear Station 

AVAILABILITY OF DATA: 

Available from MOE south-western region 



* 1971 fish (bass, sunfish, perch) gross or + p 

1972 rabbit and rainbow trout: gross tv + p , Sr-89, Sr-90 

1973 suckers, mooneye, bass, clams, hare 

1974 suckers, channel cat, perch, clam, green algae on 

rocks (cladophore) , drum (fish) 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

Canada Center for Mineral and Energy Technology; Energy, 
Mines and Resources Canada 



PARAMETERS MONITORED: 

Radon and Radon Daughter Emissions associated with 
uranium mines 



NO. OF STATIONS, LOCATION: 
Local 

SAMPLING FREQUENCY: 



METHOD OF MONITORING: 

Alpha particle coimts by KUSNETZ method and others 

USES OF DATA: 

Improved measurement (and control) methods 

AVAILABILITY OF DATA: 

Available from Canada Center for Mineral and Energy 

Technology (CANMET) , Energy, Mines and Resources 
Canada 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

Canada Dept. of Fisheries and Environment 

PARAMETERS MONITORED: 

Water quality: H-3, Sb-125, Cs-137, Sr-90, other 
Y-emitters 

NO. OF STATIONS, LOCATION: 

Open waters of Lakes Superior, Huron, Erie and Ontario 
3 stations per lake 

SAMPLING FREQUENCY: 
Annual 

METHOD OF MONITORING: 

Surface and bottom grab 

USES OF DATA; 

As part of IJC radioactivity surveillance program on 
the Great Lakes 

AVAILABILITY OF DATA: 

Summaries available from IJC annual report 



from IJC annual 

report 1976 
Appendix D 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

Radiation Protection Bureau 

Department of National Health and Welfare 



PARAMETERS MONITORED: 

Reactor water monitoring: strontium-89, strontium-90 

and cesium-137 at water 
intakes 



NO. OF STATIONS, LOCATION: 

2 Douglas Point {Lake Huron) 

3 Pickering (Lake Ontario) 

5 NPD and CRNL (Ottawa River) 



SAMPLING FREQUENCY: 

Daily Sampling for Monthly Composites 

METHOD OF MONITORING: 

Sampling by regional municipalities and provincial 
governments. Analysis by Radiation Protection 
Bureau 

USES OF DATA: 

To protect public health by monitoring radioactivity in 
drinking water 

AVAILABILITY OF DATA: 

Report by Radiation Protection Bureau and also in 
Great Lakes Water Quality Board Report 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

Radiation Protection Bureau 

Department of National Health and Welfare 



PARAMETERS MONITORED: 

Atmospheric Water Vapours from Reactor: Tritium 

NO- OF STATIONS, LOCATION: 

6 - Douglas Point 

7 - Pickering 

SAMPLING FREQUENCY: 
Continuous 

METHOD OF MONITORING: 

Sampling by provincial governments, utilities and private 
citizens. Monthly analysis of molecular sieves by 
Radiation Protection Bureau 

USES OF DATA: 

To protect public health by monitoring tritium near 
nuclear reactors 

AVAILABILITY OF DATA: 

On request from Radiation Protection Bureau 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

Radiation Protection Bureau 

Department of National Health and Welfare 



PARAMETERS MONITORED: 

Milk near reactors: Cesium-137 

Iodine-131 
Potassium 



NO. OF STATIONS, LOCATION: 

2 farms near Douglas Point 

SAMPLING FREQUENCY: 
Weekly 

METHOD OF MONITORING: 

Sampling by local dairy and milk producers and analysis 
by Radiation Protection Bureau 

USES OF DATA: 

To protect public health by monitoring radionuclides 
in milk near nuclear reactors 

AVAILABILITY OF DATA: 

On request from Radiation Protection Bureau 
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MONITORING INFORMATION SHEET 



I 
I 



MONITORING AGENCY: 

Radiation Protection Bureau 

Department of National Health and Welfare 



PARAMETERS MONITORED: 

Biota near reactors: cesium-137 

strontiuni-90 

calcium 

potassium 

NO. OF STATIONS, LOCATION: 

NPD and CRNL 
(Ottawa River) 



SAMPLING FREQUENCY: 
Semi-annually 

METHOD OF MONITORING: 

Sampling by provincial government and analysis by 
Radiation Protection Bureau 

USES OF DATA: 

To evaluate population dose from consimiption of fish 
from water systems receiving effluent discharge 
from nuclear reactors 

AVAILABILITY OF DATA: 

On request from Radiation Protection Bureau 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

Radiation Protection Bureau 

Department of National Health and Welfare 



PARAMETERS MONITORED: 

Fallout - surface air, precipitation - gross beta activity 

NO. OF STATIONS, LOCATION: 

24 weather stations at airports across Canada 

SAMPLING FREQUENCY: 
Continuous 

METHOD OF MONITORING: 

Bantling by Fisheries and Environment Canada 
Hi-volume samplers: weekly analysis by RPB 

USES OF DATA: 

To evaluate the population dose from fallout radioactivity 

AVAILABILITY OF DATA: 

On request from Radiation Protection Bureau 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

Radiation Protection Bureau 

Department of National Health and Welfare 



PARAMETERS MONITORED: 

Fallout - milk: strontium-89 , strontium-90, cesium- 137, 
calcium and potassium, iodine-131 



NO. OF STATIONS, LOCATION: 
16 cities in Canada 

SAMPLING FREQUENCY: 
Weekly 

METHOD OF MONITORING: 

Composite milk samples obtained by Dept. of Agriculture 
Analyzed by Radiation Protection Bureau for; Cs-137 

and K-monthly composite,- Sr-89, 90, Ca - quarterly 

composite 

USES OF DATA: 

To evaluate the population dose from fallout radioactivity 
in milk 

AVAILABILITY OF DATA: 

On request from Radiation Protection Bureau 



A2-12 
MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

Ministry of Labour 

PARAMETERS MONITORED: 

milk - V scan 

- 1-131, H-3 

NO. OF STATIONS, LOCATION: 

- 9 farms in roughly 30" sectors around the Pickering 
area 

SAMPLING FREQUENCY: 

- in spring, summer and early fall: every 2 weeks 

- otherwise monthly 



METHOD OF MONITORING: 

- samples collected by MOL, analyzed by Radiation 
Protection Laboratory 



USES OF DATA: 

As part of a contingency plan for Pickering 

- provides background data so that if an upset occurs 
can evaluate the seriousness of any emissions 

AVAILABILITY OF DATA: 

- not published 

- would become public in event of a contingency 



MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

Ministry of Labour 

PARAMETERS MONITORED: 

Water from treatment plants: y scan 

Co-60, Cs-137, H-3 



NO- OF STATIONS, LOCATION: 

1 in Pickering - J.S. Scott Waterworks 
1 in Ajax - W.A. Parrish Waterworks 
1 in Toronto - J.C. Harris Waterworks 



SAMPLING FREQUENCY: 

Ajax, Pickering - weekly 
Toronto - once a month 



METHOD OF MONITORING: 

Grab samples 

Plants prepare samples, MOL collects them 

Analysis at Radiation Protection Laboratory, MOL 



USES OF DATA: 

- as part of contingency plan for Pickering - provides 
background data so that if upset occurs, can evaluate 
the seriousness of any emissions 



AVAILABILITY OF DATA: 

- not published 

- would become public in event of a contingency 
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HQNITORING INFORMATION SHEET 

MONITORING AGENCY: 

Ontario Ministries of Environment and Labour 
PARAMETERS MONITORED: 

gross a, gross p, ^^^Ra, ^^Sr^ '^'■^H , ^^^Th, 

NO. OF STATIONS, LOCATION: 

7 Serpent Harbour, North Channel 

SAMPLING FREQUENCY: 

2/y 

METHOD OF MONITORING: 

grab water sampling from Great Lakes survey vessel. 

USES OF DATA: 

Compliance monitoring and input to the annual assess- 
ment of Radioactivity Subcommittee, IJC 

AVAILABILITY OF DATA: 

Annual Reports of Radioactivity Subcommittee, IJC 
- Appendix D Annual Reports on Great Lakes Water 
Quality 1975 and 1976 published; 1977 annual report 
currently being prepared. 

For reports contact: Secretariat Radioactivity Sub- committee, 

International Joint Commission 
100 Ouellette Ave., Windsor, Ontario 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

Ontario Ministries of Environment and Labour 

PARAMETERS MONITORED: 

3 60 137 

gross a, gross P, H, Co, Cs 



NO. OF STATIONS, LOCATION: 

8 Douglas Pt. G.S., Lake Huron 

8 Bruce A G.S. , Lake Huron 

8 Pickering G.S., Lake Ontario 

SAMPLING FREQUENCY: 

3 times/y ice free season 

METHOD OF MONITORING: 

grab water samples taken from survey vessels - stations 
located off cooling water discharges of Ontario Hydro 
Generating Stations 

USES OF DATA: -^ 

- compliance monitoring and input to the annual assessment 
of Radioactivity Subcommittee, IJC. 

AVAILABILITY OF DATA: 

- annual reports of radioactivity 

- subcommittee, IJC - Appendix D. 

- annual reports on Great Lakes Water Quality - 1975 
and 1976 published 1977 ann. report currently being 
prepared. 

For reports contact: Secretariat Radioactivity Si±)committee , 

International Joint Commission, 

100 Cuellette Ave., Windsor, Ontario. 
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MONITORING INFORMATION SHEET 

MCMITORING AGENCY: 

Ministry of the Environment 

PARAMETERS MONITORED: 

Environmental monitoring-water : radon level in wells 

NO. OF STATIONS, LOCATION: 

Sampling across the province 

SAMPLING FREQUENCY: 
once 

METHOD OF MONITORING: 

samples collected by regional MOE offices 
analysis by Radiation Protection Lab of MOL 

USES OF DATA: 

- to provide background information 

on radon levels in well water in Ontario 

AVAILABILITY OF DATA: 

- available on request from: 

Water Resources Branch, MOE 
135 St. Clair Ave, W. 
Toronto 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

mm 

PARAMETERS MONITORED: 

Fallout monitoring - air: gross beta 

NO. OF STATIONS, LOCATION: 

22 cities in Ontario, 26 stations 

SAMPLING FREQUENCY: 

Quarterly composites 

METHOD OF MONITORING: 

- high volume sampler 

- measurements are made after complete decay of Radon 
and thoron daughters 

USES OF DATA: 

- to estimate public dose from fallout in Ontario 

AVAILABILITY OF DATA: 

- published yearly in "Ontario Statistics", piiblished 

by Ministry of Treasury Economics and Intergovernmental 
affairs 

- available from MOE regional branches 

- some data (from long-term programs) is coordinated 
by the Air Quality and Meteorology Section of the 
Air Resources Branch of the MOE 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

MOE: South-west region 

PARAMETERS MONITORED: 



biological, monitoring: all water samples: undissolved 
water solids, gross a and p, dissolved 



solids, gross a + p, Cs-137 
tritium. See below* 



NO. OF STATIONS, LOCATION: 



Bruce Nuclear Power area: 8 stations each year in water 

near complex 



SAMPLING FREQUENCY: 1970-75 inclusive 



Macroinvertebrate: 3 times/y 
Water and others: 1/y 



METHOD OF MONITORING: 



Samples collected by MOE 

Analysis by Radiation Protection Lab (then in the 

Ministry of Health) now in Ontario Ministry of Labour 



USES OF DATA: 



- research 

- pre-operational monitoring to provide background 

information 



AVAILABILITY OF DATA: 

Report to be published: "Levels of Radioactivity in Biota 
and Water in the Vicinity of Bruce Nuclear Generating 
Station". 



* 1970 - water and crayfish (gross (y + (i, Co-60, Cs-137, Sr-89 

Sr-90) 

1971 - water and crayfish as above, also clams flesh, gross a + p 

shell' 

1972 - water and clams (Sr-90, Sr-89 i flesh and shell}) 

gross « *■ p 

1973 - water only 

1974 - water and crayfish as above 



A2-19 
MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

MCE - central region 

PARAMETERS MONITORED: 

Ambient monitoring air: gross beta particulate 

NO. OF STATIONS, LOCATION: 
Pickering - 6 stations 

SAMPLING FREQUENCY: 
Daily 

METHOD OF MONITORING: 

- high volume sampling 

- program conducted in cooperation with MOL 

USES OF DATA: 

- summaries used in MOE fallout program 

- also: (1) to determine general trends 

(2) to detect any unknown emissions or 
plant upsets 

(3) as part of contingency plan by MOE 

AVAILABILITY OF DATA: 

- published summaries in "Ontario Statistics" 

- available MOE Central Region 

- some data (from long-term programs) is coordinated 
by the Air Quality and Meteorology Section of the 
Air Resources Branch of the MOE 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

MOE - central region 

PARAMETERS MONITORED: 

Ambient Monitoring - air: gross a 

gross p 

NO. OF STATIONS, LOCATION: 

In regions of Port Hope, Port uranby 



SAMPLING FREQUENCY: 

Intermittent 

Will become permanent if new uranium refinery is 
approved in Port Granby 



METHOD OF MONITORING: 



USES OF DATA: 



to detect any unknown emissions or upsets 
as part of contingency plan 



AVAILABILITY OF DATA: 

- available from MOE Central Region 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

MOE - central region 



PARAMETERS MONITORED: 

Effluent Monitoring: water 
Ambient Monitoring 



radii.im-226 

gross O: diss, undiss 
gross (3: diss, undiss 
uranium 



NO. OF STATIONS, LOCATION: 

18 - Port Hope area 

5 - Welcome area 
12 - ENL Refinery, Port Granby 



dumpsites, effluent 
streams. Lake Ontario 



SAMPLING FREQUENCY: 

Lake samples - every 2 months during summer 
Others as required 

METHOD OF MONITORING: 

Natural water grab samples 
MOE staff collects samples 
Analysis by MOL-Radiation Protection Laboratories 

USES OF DATA: 

- compliance monitoring 

- to check for hazard to public health 

- water data from all regions is coordinated, but not 
published, by the Hydrology and Monitoring Section 
of the Water Resources Branch 

- input to the annual report of radioactivity sub- 
committee, IJC 

AVAILABILITY OF DATA: 



Data summaries available from: MOE Central Region 

150 Ferrand Drive 
Don Hills, Ontario 
Also: Annual Reports of Radioactivity Subcommittee, 
IJC - Appendix D. This is an annual report on Great 
Lakes Water Quality - 1975 and 1976 published - 1977 
report is currently being prepared 
For reports contact: Secretariat, Radioactivity 
Subcommittee, International Joint Commission, 100 
Ouelette Avenue, Windsor, Ontario. 



1 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

MOE - central region 

PARAMETERS MONITORED: 

Ambient Monitoring - water: radium-226 

uranium 



gross a - diss, undiss 
gross p - diss, undiss 
(sometimes radon) 



NO. OF STATIONS, LOCATION: 

Cardiff Township, Bancroft area 

22 stations - in or near tailings areas 

- downstream from tailings areas 

- community wells, Cardiff water system 



SAMPLING FREQUENCY: 
As required 

METHOD OF MONITORING: 

MOE staff does the sampling,- analysis at Radiation 
Protection Lab (MOL) 

USES OF DATA: 

- to check for hazard to public health 

- water data from all regions is coordinated, but not 
published, by the Hydrology and Monitoring Section 
of the Water Resources Branch 

AVAILABILITY OF DATA: 

- available from MOE Central Region 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 

MCE - northeastern region 

PARAMATERS MONITORED: 

Environmental Monitoring - suspended uranium, radium 

gross a and p in the atmos- 
phere and dustfall 



NO. OF STATIONS, LOCATION: 

9 stations around Elliot Lake measuring dustfall 

4 stations around Elliot Lake measuring suspended particulate 

1 at Sault Ste. Marie 

1 at Sudbury 



SAMPLING FREQUENCY: 

dustfall sampling: continuous, monthly composite 

suspended particulate 

sampling: every 6th day (weekly) 



METHOD OF MONITORING: 

Sampling MOE, Analysis MOL Radiation Protection Lab. 

USES OF DATA: 

- environmental protection 

AVAILABILITY OF DATA: 

- available from MOE Central Region 
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MONITORING INFORMATION SHEET 



MONITORING AGENCY: 

HOE - North-eastern region 
South-western region 
Central region 
South-eastern region 

in conjunction with Water Resources branch 

PARAMETERS MONITORED: 

Environmental Monitoring: Water 
Solids - diss and undiss: Radium-226 
Gross a - diss and undiss : Uraniuin-238 

Gross P ' 

(Cobalt 60, Cesium 137, Tritium) - At certain locations 

NO. OF STATIONS, LOCATION: 

Inland Watersheds Associated with the Uranium 
Mining and/or Processing Industry, or Nuclear Power 
Generation: Spanish R-7; Serpent R-74; Trent R-14; 
Moira R-4; Douglas Point Area R-6; Total 105 

SAMPLING FREQUENCY: 

Monthly in most cases 
Some quarterly 

METHOD OF MONITORING: 

Grab samples collected regularly as part of the routine 
water quality network by Regional MCE Offices. Analysis 
by radiation protection lab of HOL administered by 
H & M Section Water Resources Branch, HOE. 

USES OF DATA: 

Determination of State,- to assist in assessing need for 
remedial measures 

Surveillance; compliance with Provincial criteria. 

AVAILABILITY OF DATA: 

- available on request (subject to Resource Limi- 
tations) from: R.D. Terry 

Chief, Networks 
Water Resources Branch 
or appropriate Regional 
Office 

- data will be published commencing in 1978. 
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MONITORING INFORMATION SHEET 
MONITORING AGENCY: 

Rio Algom and Denison Mines, Elliot Lake 

PARAMETERS MONITORED; 

Emission monitoring: water quality - radium and 

some uranium 

NO. OF STATIONS, LOCATION: 

- approximately 50 stations around Elliot Lake 

SAMPLING FREQUENCY: 

- daily to quarterly 

METHOD OF MONITORING: 

- both firms do their own sampling and monitoring 

USES OF DATA: 

- compliance monitoring 

AVAILABILITY OF DATA: 

- not available to the public. 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 
Ontario Hydro 

PARAMETERS Monitored: 

Emission Monitoring - Water: tritium, gross beta-gamma 

NO. OF STATIONS, LOCATION: 

NPD NGS (Rolphton) 
Douglas Point NGS (Tiverton) 
Pickering NGS-A (Pickering) 
Bruce NGS-A (Tiverton) 

SAMPLING FREQUENCY: 
Continuous 

METHOD OF MONITORING: 

- proportional samples of cooling water streams are 
analyzed weekly for tritium and gross beta-gamma 

- liquids that may be contaminated are collected in 
tanks and anlyzed for tritium and gross gamma before 
discharge 

- gamma scans of grab samples from the liquid storage 
tanks are done on a monthly basis 

USES OF DATA: 

- to demonstrate compliance with the Atomic Energy 
Control Board regulatory emission limits 

- trend analysis 

AVAILABILITY OF DATA: 

Data summaries on request from Ontario Hydro 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 
Ontario Hydro 

PARAMETERS MONITORED: 

Emission Monitoring - Air: tritiim, noble gases, iodine-131 

particulates 

NO. OF STATIONS, LOCATION: 

NPD NGS (Rolphton) 
Douglas Point NGS (Tiverton) 
Pickering NGS-A (Pickering) 
Bruce NGS-A (Tiverton) 

SAMPLING FREQUENCY: 

Continuous 

METHOD OF MONITORING: 

Tritium sampler is analyzed daily 

Iodine and particulate cartridges are counted weekly 

Noble gas activity is recorded daily 

USES OF DATA: 

To demonstrate compliance with Atomic Energy Control 

Board regulatory emission limits 
Trend analysis 

AVAILABILITY OF DATA: 

Data summaries available on request from Ontario Hydro 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 
Ontario Hydro 

PARAMETERS MONITORED: 

Environmental monitoring - air: external gamma dose, tritium, 

radioiodine , particulates 



NO. OF STATIONS, LOCATION: 

4 NPD NGS (Rolphton) plus 1 reference site 
4 Pickering NGS (Pickering) plus 1 reference site 
8 Bruce Nuclear Power Development (Tiverton) plus 
1 reference site 



SAMPLING FREQUENCY: 
Continuous 

METHOD OF MONITORING: 

- molecular sieves (for tritium) are collected and 
analyzed monthly 

- thermoluminescent dosimeters (external gamma dose) are 
collected and analyzed quarterly 

USES OF DATA: 

Trend analysis 

Calculation of potential dose to members of the public 

AVAILABILITY OF DATA: 

Data summaries available on request from Ontario Hydro 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 
Ontario Hydro 

PARAMETERS MONITORED: 

Environmental monitoring - milk: radioiodine and tritium 

in raw milk 



NO. OF STATIONS, LOCATION: 

Samples are collected from up to three farms within a 
10-20 kilometre radius of generating stations. 
Pickering NGS-A (Pickering) and Bruce Nuclear 
Power Development (Tiverton) 



SAMPLING FREQUENCY: 

Monthly, during the summer months (May-October) 

METHOD OF MONITORING: 

Individual milk samples are analyzed for tritium, and 
composite samples from each site are analyzed for 
iodine 

USES OF DATA: 

Calculation of potential dose to members of public 
Trend analysis 

AVAILABILITY OF DATA: 

Data summaries available on request from Ontario Hydro 



A2-30 
MONITORING INFORMATION SHEET 

MONITORING AGENCY: 
Ontario Hydro 

PARAMETERS MONITORED: 

Environmental Monitoring - Fish: tritium and all gamma 

emitting nuclides 

NO. OF STATIONS, LOCATION: 

The vicinity of station cooling water discharges: 

- Bruce NGS-A (Tiverton) 

- Douglas Point NGS (Tiverton) 

SAMPLING FREQUENCY: 
Twice per year 

METHOD OF MONITORING: 

Fish flesh from available species are gamma scanned 
and analyzed for tritium 

USES OF DATA: 

Trend analysis 

Calculation of potential dose to members of public 

AVAILABILITY OF DATA: 

Data sunvnaries available on request from Ontario Hydro 
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MONITORING INFORMATION SHEET 

MONITORING AGENCY: 
Ontario Hydro 

PARAMETERS MONITORED: 

Environmental monitoring - precipitation: tritium and 
gross beta activity, with occasional gamma scans 



NO- OF STATIONS, LOCATION: 

4 NPD NGS (Rolphton) plus 1 reference site 
4 Pickering NGS (Pickering) plus 1 reference site 
8 Bruce Nuclear Power Development (Tiverton) plus 
1 reference site 



SAMPLING FREQUENCY: 
Continuous 

METHOD OF MONITORING: 

A composite of monthly rainfall collections is analyzed 
quarterly 

USES OF DATA; 

Trend analysis 

AVAILABILITY OF DATA: 

Data summaries available on request from Ontario Hydro 



AZ-U 
MONITORING INFORMATION SHEET 

MONITORING AGENCY: 
Ontario Hydro 

PARAMETERS MONITORED: 

Environmental monitoring - drinking water: 

tritium and gross beta 
activity 



NO. OF STATIONS, LOCATION: 

Sources of drinking water: 

- Pickering Township water at Pickering NGS 

- Bruce Nuclear Power Development Administration Building 

- Bruce Nuclear Power Development Training Center Well 



SAMPLING FREQUENCY: 
Weekly 

METHOD OF MONITORING: 

Weekly samples are composited on a quarterly basis and 
analyzed 

USES OF DATA: 

Trend analysis 

AVAILABILITY OF DATA: 

Data summaries available on request from Ontario Hydro 
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Schedule One 

Contractor's Work Programme 

The contractor will undertake to provide the Ministry of the Environment 
with an in-depth comprehensive report on radioactive substances, cover- 
ing: all aspects which are relevant to the role of these substances as 
environmental pollutants in Ontario. The report should represtmt a 
state-of-the-art summary and review of up-to-date, scientific and tcth- 
nical information. The information will be obtained by means ol litera- 
ture searches and from a reading of current hterature, and be supple- 
mented as required by discussions with knowledgeable professional staff 
in the university, government, and industrial communities. The intorma- 
tion and data must be as current as reasonable access to scientitic 
governmental, and industrial sources allows, and should be the most 
reUable information that is available. Although the contractor is not 
expected to reconcile confUcting data, he should endeavour to provide 
some evaluation and synthesis of the collected infomation . The con- 
tractor is not expected to generate new laboratory data, or engage m 
ambient environmental surveys or source testing programmes. 

The comprehensive report should be prepared in sufficient detail to 
serve as a basis for Ministry policy determination, control/abatement 
program design, and otherwise sound decision-making on future Ministry 
activities . 

The report must give consideration to the following areas; 

1. Potential Sources of Environmental Hmissions 
andj^isch^arges^: 

(a) Description of industries in Ontario which are potential 
sources (e.g., mining, milUng and refining of uranium ore, 
nuclear fuel fabrication, nuclear power generation). 

(b) Description of industrial operations and processes (including 
radioactive waste management) which are potential sources. 
Identification of points of emissions or discharges, and types 
of radioactive pollutants. 

(c) Estimates, specific to Ontario industries, of potential emis- 
sions or discharges of radioactive substances to the environ- 
ment, as derived from a knowledge of the industrial opera- 
tions, control equipment and practices in use, and/or pub- 
lished values of source strengths or emission factors. 
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(d) Assessment of the population size potentially exposed to the 
estimated emissions. 

2. Process and Control Technology for Reducing 
Radionuclide Releases : 

(a) Description and evaluation of available control apparatus and 
practices designed to eliminate or minimize exposure to radio- 
active substances by workers and the public. Apparatus and 
practices in current use by Ontario industries. 

(b) Identification of necessary research and development for 
improved control and abatement technology. 

(c) Cost-benefit considerations associated with radiation protec- 
tion. 

(d) Identification of need for data from source discharge moni- 
toring, and recommendations for specific programmes. 

3. Distribution, Persistence, and Fate of the Identified 
Pollutants in the Environment 

(a) Physical, chemical, radioactive, and toxicological charac- 
teristics and properties of the identified pollutants in the 
environment. Changes in characteristics and properties with 
time after release. 

(b) Pathways in the environment (air, water, soil, biota). Resi- 
dence times. Dispersal characteristics. Principal removal 
mechanisms. Potential for long-range transport. 

(c) Synergistic effect of other substances simultaneously present 
(e.g. , particulates). 

4 . Health Effects : 

(a) Toxicity of the identified radioactive pollutants and mecha- 
nisms for radiation damage (metabolic characteristics, biolo- 
gical half-life, critical organ). Radiation dose assessment 
modelling for occupational and environmental situations. 
Direct and indirect exposure pathways. 

(b) Documented effects on humans, particularly as a result of low 
dose levels and extended exposure times. Sources of informa- 
tion (epidemiological surveys, occupational exposure, etc.). 

(c) Instances of community and occupational exposure documented 
in the literature . 

5 . Standards and Criteria : 

(a) Principles and procedures used by various agencies in the 
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setting of radiation protection standards and criteria. Evalua- 
tion. 

(b) Existing environmental and occupational standards and criteria 
for radioactive substances in Ontario and elsewhere. Evalua- 
tion . 

i. Environmental Concentrations : 

(a) Published values of radiation levels and environmental concen- 
trations of radioactive substances for specific sources (occu- 
pational, ambient environment). Environmental pollution 
"episodes". Background (natural) radiation levels. 

(b) Dispersion modelling procedures for predictions of environ- 
mental quality with respect to radioactive exposure. 

(c) Environmental concentrations and radiation levels (in air, 
water, soil, biota) specific to Ontario industries. 

(d) Need for monitoring surveys in vicinity of industrial sources 
and recommendations for specific programmes. 

1. Sampling and Analytical Techniqu es : 

(a) Description and evaluation of available apparatus and techni- 
ques for various parameters (concentrations, radiation levels, 
cumulative dosages, particulate size distributions, etc.) of 
the identified pollutants in gaseous or particulate form. 

(b) Accuracy, sensitivity, and detection limits of available 
apparatus and techniques. Adequacy of techniques . Identifi- 
cation of research and development needs. Recommendations. 

(c) Apparatus and techniques currently used by Ontario Ministries 
(Environment, Labour) and other environmental agencies. 

S. Recommenda ti ons : 

(a) Surveys in the vicinity of potential sources (air, water, 
soil) . 

(b) Emission inventories including source testing programs. 

(c) Epidemiological studies. 

(d) Research and development for control/abatement technology 
and sampling/analytical techniques. 

Other relevant topics with regard to the environmental aspects of radio- 
active substances should not be excluded. Also, the points outlined for 
each of the above topics are intended only as guides and should not be 
regarded as restrictive. The contractor must treat each study area as 
comprehensively as possible. Although all topics outlined above (and 
additional study areas, as required) are considered important, topics 
1,2,3,4,5,8 should be assigned the highest priority. 

Project Officer: Dr. S. Gewurtz 
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